IOWA STATE UNIVERSITY

Digital Repository

Iowa State University Capstones, Theses and

Retrospective Theses and Dissertations . .
Dissertations

1958

Structures of some hydrated rare earth ethylsulfates

Donald Robert Fitzwater
Towa State College

Follow this and additional works at: https://lib.dr.iastate.edu/rtd
& Part of the Physical Chemistry Commons

Recommended Citation

Fitzwater, Donald Robert, "Structures of some hydrated rare earth ethylsulfates " (1958). Retrospective Theses and Dissertations. 1629.
https://lib.dr.iastate.edu/rtd /1629

This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at lowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University

Digital Repository. For more information, please contact digirep@iastate.edu.

www.manharaa.com



http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Frtd%2F1629&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Frtd%2F1629&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F1629&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Frtd%2F1629&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Frtd%2F1629&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F1629&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/139?utm_source=lib.dr.iastate.edu%2Frtd%2F1629&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd/1629?utm_source=lib.dr.iastate.edu%2Frtd%2F1629&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digirep@iastate.edu

STRUCTURES OF SOME HYDRATED
RARE EARTH ETHYLSULFATES

by

Donald Robert Fitzwater

A Dissertation Submitted to the
Graduate Faculty in Partial Fulfillment of
The Requirements for the Degree of
DOCTOR OF PHILOSOPHY

Ma jor Subject: Physical Chemistry

Approved s
Signatures have been redacted for privacy.

Iowa State College
1958



ii

TABLE COF GONTENTS

I. TINTRODUCTION
A. Structural Interest
l. Crystalline fields and spectra
2. The Jahn-Teller effect
3. Previous structural investigation
B. Methods of Computation

l. Computation requirements
2. The I.B.M. 650

II. COMPUTATIONAL METHODS
A. Evaljuation of the Fourier Series

l. General problem

2. Three dimensional block program
3. Block peak progream

4. The T.D.F. L0-80 program

B. Least Squares Method

l. General problem
2. L.S.II program
3. L.S.II M program

III. STRUCTURAL DETERMINATIONS
A. Structure of Er(CaHssou)3-9H20

le Data
2. Trial structure
3. Refinement of the trial structure

B. Structure of Y(CaHSSOh)B'gHZO

l. Data
2. Refinement of the trial structure

C. Structure of Pr(CZHSSOk)3'9H20
1. Data
2. Refinement of the trial structure

Page

@ oo oV Vi W



111

TABLE F CONTENTS (Continued)

D. Discussion of Structures

l. Coordination of the rsre earth ion
2. The ethylsulfate ion structure

3. The position of hydrogen bonds

lie The Jahn-Teller effect

IV. SUMMARY

A. Computing Methods
B. Structure Determination

V. BIBLIOGRAPHY
VI. ACKNCWLEDGMENTS
VII. APPENDIX A: T.D.F. 30 B PROGRAM

A. Fourler Series Evaluation for e
Lxlxly Point Block

l. Mathematical method

2. Range and accuracy

3. Storage

. Speed

. Equipment specifications
» Eeror checks

. Input-output

8. Symmetry provisions

~N oM\

B. Detalled Operating Instructions

l. Detail cards .

2. Special informeticun cards

3. Program loading cards

« Output cards

« Operating procedure

. Flow dlagram, program cards, and
wiring diagram

oL

VIII. APPENDIX B: T.D.F. 140-80 PROGRAM FOR I.R.M. 650

A. PFourier Series Evaluation on a Grid
Spacing of 1/L0 or 1/80 of the Unit Cell

73
73
76
76
76
76
76
77
78
78
81
82
83
8l

98

98



1.
2.
3.
e

iv
TABLE OF CONTENTS (Continued)

Function to be evaluated
Method of evaluation
Method of expansion

Flow diagram, wiring information,

and speed

B. Operating Instructions

1.
2.
3.

g

-

6.
IX. APPENDIX C
A. Form

1.
2e

B. Oper
1.
2e

3.
L.
5

6.
7

X. APPENDIX D

Card formats

Assembly of program deck
Tabulation

Empty drum cells

Control card formats

The program deck

¢ L.S.II M PROGRAM

of the I.S.II M Program

Modifications made to L.S.II

Programming information
ating Instructions

Assembly of input deck
Conscle operation
Subsequent cycles
Description of input cards
Description of output cards
Plug board

Program deck

¢+ STRUCTURE FACTORS

Page

98
99
100

103
103

103
110
112
112
113
116



I. INTRODUCTION

A. Structural Interest

l. Crystalline fields and spectra

The spectra arising from an ion in a crystal are usually
composed of diffuse lines or bands. The reason for this is
the strong perturbation of the energy levels of the ion by
the 1nstantsneous crystalline field.

The rare earth ions in a crystal, having lIf electrons

shlelded from field fluctuations by a closed 5 32p6

shell,
give sharp spectra. An averaged fileld does penetrate and
cause splitting and shifting of the ions' lf energy levels.
Consequently, these spectra contain information about the
erystalline field, and the electronic structure of the ion.
If the electronic structure of the ion is known, the crystal-
line fields can be studied. The splitting of degenerate
energy levels and the transition selection rules are depend-
ant upon the field symmetry about the ion. Such an analysis
has been made for europium ethylsulfate nonahydrate by E. V.
Sayre and 8. Freed (1). The symmetry about the rare earth
lon used in this investigation was D3h for the water mole-
cules and CBh for the complete environment. These symmetries
were obtained from the work of J. A. A. Ketelasr which will

be discussed later 1n this chspter.



The paramagnetic resonance spectra of gadolinium and
neodymium ethylsulfates have been studied by B. Bleaney,

H. E. D. Scovil, and R. S. T. Trenam (2). The results are
consistent with an ion symmetry of CBh except for some dis-
crepancies in the position of the zero field lines. The
origin of these discrepancles is not clear. Work on other
magnetic properties of the rare earth salts is being carriad
out by R. M. Bozorth (3).

Active Investigations of the magnetic properties, heat
capacities and spectra of the rare earth ethylsulfates are
belng carried out by F. H. Spedding and co-workers (L). The
accurate spectra obtainsd in this work will enable a careful
and thorough analysis of the crystalline field perturbations
in the excited as well as in the ground state.

One of the reasons for this present investigation is to
furnish an accurate structure for the ethylsulfate compounds
so that the symmetry of the water molecules about the rare
earth ion will be known. In addition, if field strengths are
to be computed, the positions of the sulfate oxygens and the
orientation of the water dipoles must be known. This informa-
tlon can be obtained from a careful study of the crystals by
X-ray diffraction.

2. The Jahn-Teller effect

It was shown by H. A. Jahn and E. Teller (5) that a con-

figuration of a polyatomic molecule for an electronic state



having orbital degeneracy cannot be stable with respect to all
displacements of the nuclel unless, iIn the original configure-
tion, the nuclei all lie on a straight line. If electronic
spin degeneracy is also included (6), the degenerate nonlinesr
configuration can be stable only if the degeneracy is of the
Kramers type (7), which can occur only if the molecule con-
tains an odd number of electrons. Consequently, the stable
state of such a system must be asymmetric enough to split the
degeneracy of the ground state.

The structures of the titanium and vanadium alums were
discussed by J. H. VanVleck (8), (9) and the size of the
distortions of the coordinated water molecules produced by the
Jahn-Teller effect was predicted to be about 107 cm. The
distortions which would be expected in the case of the rare
earth ions were predicted to be about 10 +1 cm. Such differ-
ences could be detected in the case of the alums but the dis-
tortions expected for the rare earth compounds are too small
to be detected at the present state of the art of X-ray d4if-
fraction. However, a careful structure determination would
place an upper 1limit on such distortions and could verify

experimentally that the distortions were indeed quite small.

3. Previous structural investigation

The structures ;f the rare earth ethylsulfste hydrates
have been studied by J. A. A. Ketelaar (10), who determined

the lattice constants of many of these compounds with an error
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of ¥ 0.003 A in a and of ¥ 0.01 A in ¢. The compounds were
found to be isomorphous within experimental error. The most
probable space group was given as Cgh - P63/m‘with other pos-

%h - P6. A careful discussion

s8ible choices of Cg - P63 and C
of the symmetry about the rare earth ion was glven, with the
conclusion that the symmetry was almost certainly CBh‘

The rare earth ions were found to be In the special posi-
tion 1/3, 2/3, 1/L and 2/3, 1/3, 3/4. The sulfur was found
to be In a six-fold set with the parameters 0.35, 0.02, 0.25.
The sulfate oxygens were assigned to two six-fold sets and
one twelve-fold set and approximate parameters were given so
as to produce a tetrahedron of oxygens about each sulfur.
The parameters of the carbon atoms and water molecules were
not given, but, from packing considerations, a structure was
postulated. This structure places nine water molecules about
the rare earth ion and one of the two six-fold sulfate oxy-
gens in the mirror plane of the rare earth ion at a distance
of 2.90 K.

In view of the avallable techniques for evaluating
structures at that time, it was not practical to continue
the structural determination. One of the reasons for the
present work is to check and complete the above structural

determination.
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B. Methods of Computation

l. Computation requirements

The determination of the structure of a moderately com=-
plex crystal may require many evaluations of certaln Fourier
series and a refinement of the model so obtained by the use
of a least squares technique.

The Fourler series representing either the electron
density or the Patterson function is usually evaluated on a
lattice containing from six thousand to five hundred thousand
points. The series 1ltself may contaln from two hundred to
several thousand terms. It can be seen that hand computation
1s feasible only in the smallest cases and is practically
impossible in the more general cases.

The least squares refinement of a moderately complex
model may require the fitting of from two hundred to several
thousand pieces of data to from twenty to fifty parameters
related to the data through a set of trigonometric equations.
For small quantities of data and few parameters, hand computa-
tion is quite feasible but, in the more extensive cases, the
labor and the errors involved in hand computation prohibit the
use of the method.

These computations are almost ideally suited for evalua-
tion by large scale digital computers. Because of limitations
on the speed and memory capaclty of currently available

computers, and because the computations must be economically



justified, much care must be used in setting up such problems
for the computing machines. The method to be used or the
form and nature of the answers to be obtained nmust be adjusted

to these demands.

2. The I.B.M. 650
The Type 650 Magnetic Drum Data-Prccessing Mschine manu=-

factured by the International Business Machine Corporation,
commonly abbreviated the I.B.M. 650, is a medium sized digital
computer using a magnetic drum memory system. This general
purpose computer has storage facllitles for 2000 "words" on a
magnetic drum. FEach word 1s an order or a ten digit number
with sign. Each of the 2000 locations is assigned a four
digit address of 0000 to 1999. The imput and output for the
basic machine is in the form of punched cards. For further
information please refer to the instruction manual for the
I.B.Me 650 (11). The advent of this machine on campus has
made 1t possible to carry out the calculations described above
on & routine basis. It is not large enough nor fast enough to
handle the very complex crystals but it can handle all moder-
ately complex problems in an economical manner. It should be
pointed out that the reasons the very complicated problems

are not feaslble are essentislly economic. A larger machine
can carry out such calculations eccnomically. Provided the

problems are broken up properly, such calculstions can be



carried out on the I.B.M. 650 in a matter of a few days if
the resulting expense 1s acceptable.

Many crystallographers have access to this computer and
the interest in obtaining crystallographic progreams for the
I.B.M. 650 is high. Many crystallographic programs have been
and are being written and the program library 1s large enough
so that the application of the normal methods of structure
enalysis becocmes almost routine. Information as to the avail-
ability of crystallographic programs is available either from
the International Business Mschines Corporation or from the
Computation and Data Processing Center of the University of
Pittsburgh.

Since there existed a need for several programs which
were not available, it was felt that it would be both inter=-
esting and useful to write the required programs. During the
course of this work it was found convenlent to modify the
excellent least squares program, L.S.II (12) which was al=~
ready availeble.

The greatest lack of progrems seemed to lie in the area
of Fourler series evaluation. Consequently, the programming
effort was designed to remedy this lack. Because of the
limitations of the I.B.M. 650, much thought was given to the
problem of adapting the computation method and the form of

the output to the I.B.M. 650.



II. COMPUTATIONAL METHODS

A. Evaluation of the Fourler Seriles

l. General problem

The electron density in the unit cell of a crystal can
be represented as a three dimensional Fourier series (13).
This series takes the form
®

(1)’D(x,y,z) = 1/V 2 F(bkQ) exp =2ni(hx/a + ky/b + £2/c)
hk 2

- ©
where /‘?x,y,z) is the electron density, F(hk?) 1s the struc-
ture factor for the reflection (hkf), V is the volume of the
unit cell and a,b,c, are the unit cell dimensions. In the
normal case of a mosalc crystal, the intensity of the (hkJ)
reflection 1s proportional to the square magnitude of the
structure factor. All information as to the phase angle of
the reflection is lost when the intensity of the reflection
is recorded. This information must be recovered by the use
of a trial model for the structure, by the use of the Patter-
son function discussed below, or by some other means. There
are some more direct methods for solving the phase problem,
but they wlll not be discussed here. The phase angle calcu-
lated on the basis of the trial model can be used to assign

a phase angle to the observed magnitudes of F(hkQ). The



series (1) can then be summed. The resulting electron density
can be compared with the model used. If the model 1s correct
the electron density will agree except for serles termination
errors. This error arises from the termination of the series
after a finite number o terms. If the electron density does
not agree with the model, & new model is required. If, as
is usually the case, the electron density agrees with the
model 1n some important features but disagrees or supplements
the model in other features, modification of the model and
recalculation of the electron density may lead to convergence
on the correct model.

The Fourler series, in somewhat different form, may lend
more direct assistance in obtalning a suitable model. Tbe

function

(e o)
(2) P(x,¥,2) = 1/VZ_ |F(nka)|® exp -2ni(hx/a + ky/b + Lz/c)
hi 2

-

which uses only coefficients which are directly related to the
observed intensities is known as the Patterson function (14).
This function can be interpreted as having a maximum at those
polnts which correspond to the end point of some interatomic
vector referred to the origin of the unit cell. Because of
the large number of such maxima, this function rarely can be
interpreted to give a complete model. In many cases, however,

at least some of the more important features of the model can
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be obtained. The problem of the evaluation of such serles
is essentially the same a3 the problem of the evaluation of
the electron density function.

The above discussion is not intended to be complete.
There are other techniques utilizing Fourier series which are
useful, but which involve the same computational problem.

If the wave length of the X-radiation is not too close
to an gbsorption edge of a crystal component, Freidel's law
(15), which states that F(hk{) is the conjugate of F(hky),
will hold. The notation hk? means =h, -k, and -{. By using
the expressions F(hkg) = A(hkl) + iB(hkQ) = F*(EEZ) =
A(Bk}) - iB{bki) and €(nkR) = 2r(hx/a + ky/b + £z/c) the

electron density can be written as

(00
(3) Flx,3,2) = 2/v $ [A(0ka)

hic2
1

os O(hk4) + B(hk#) sin 6(hkQ)

(¢

+ A(hKkQ) cos e(hk{9) + B(hkQ) sin e(hkR)
+ A(hkR) cos o(hkf) + B(hks) sin 6(hkp)
+ A(BkA) cos o(Bk#) + B(Bk{) sin o(Ek?) |

o0
+2/V 2 [A(0kQ) cos €(0kf) + B(Okf) sin @(0kf)

k?
1

+ A(Ok¢) cos @(0kL) + B(OkR) sin e(ofc!)_]

00
+2/V 2 [A(hOR) cos 6(h04) + B(h0f) sin 6(hoOJ)
h

1
+ A(h02) cos o(Bot) + B(ho4) sin e(Rol)
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+

o0
2/v O_ [A(bkO) cos @(hkO) + B(hkO) sin 6(hkO)
hic

3 |
+ A(hEO) cos @(hEO) + B(hKO) sin €(hEo)]

(oT0)
+ 2/V2_ [A(nOO0) cos €(nO0) + B(h0O) sin €(hoo)]

h
1

+~

(e8]
2/v 3 [a(0k0) cos 8(0k0) + B(0kO) sin €(QkO)]
k

1

+
Q

oo
2/Vv2_ [(004) cos 6(00¢) + B(004) sia 6(002))
7

1

+ 1/V A(000).

This particular expression is derived in a form containing
only positive values of R for convenience in adapting to the
I.B.M. 650 program.

If we include the speclal reflections (those containing
one or more zero indices) in the general form, they must be
divided by a multiplicity factor of 2N where N 1s the number

of zero indices occurring in FP(hkf{). If we define

1-N
F'(hkyR) = g—v—-F(th), the summation now becomes
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o0
(1) A(x,3,2) = 2[4kl cos 6(ukf) + B (k) sin O(hkJ)

0
+ A'(hks) cos o(hkf) + B'(hky) sin e(hkx)

+ A'(hkf) cos ©(hkp) + B'(hk{) sin €(hkx)
+ A" (BkA) cos 6(Bkg) + B'(fke) sin e(hkg)].

By using the trigonometric identities,

cos 6(hkAl) cos 8(h00) cos 6(0k0) cos €(00¢)

- cos 6(h00) sin ©(0kO) sin €(00¢)
- sin 6(h00) cos ©(0k0) sin €(00%)
- sin 6(h00) sin €(0k0O) cos 6(00%)

and,

sin 6(hkQ) = sin €(h00) cos 6(0k0) cos €(00¢%)
+ cos €(h00) sin 6(0kO) cos 6(00f)
+ cos 6(h00) cos 6(Ck0) sin €(00%)
- sin 6(h00) sin €(0k0O) sin 6(00%)

the expression for the electron density becomes, in expanded

form,

o0
5) Aix,5,2) = ééﬁ [Al(hkl) cos 8(h00) cos €(0k0) cos 6(00Y)

0
+ Az(hkﬂ) sin @(h00) sin €(0kO) cos 6(00%)



A5 (hkQ)
Ah(hk!)
B, (hk )
B, (hk{)
B3 (hk{)
Bh(hkx)

13

sin €(h00)
cos 6(h00)
sin 6(h00)
cos ©(h00)
cos 6(h00)
sin 6(h00)

cos 6(0kO0)

sin €(0k0)

sin 6(0k0)
cos ©6{0k0)
o{ 0k0)

e(0k0)

sin

cos

sin @(002)
sin €(000)
sin 6(0024)
sin 8{(00/)
cos 8(007%)
cos O(OOEﬂ :

The A; and B, are linear combinations of A'(hk/?) and B'(hk{)

respectively.

These expressions are

—-—
=3

(6)

A'(hk?R)
-A' (hk )
-A' (hk 9)
-A' (hke)
~B! (hk¢)
B'{hk?)
B! (hk?)

B'(hkJ)

+ A'(REkQ)
A* (hkp)
A' (hk2)
A' (hke)
B! (hks)
B! (hk )
B' (hkv)
B! (hk{)

+

+

A" (hk p)
A (hkg)
A' (hkZ)
A' (hk2)
B' (hik )
B'(hk?)
B! (hi.¢)
B' (hk 4)

A'(hko)
At (hk.0)
A'(Bk.0)
A' (Bk)
B* (hk)
B' (hk.4)
B'(hk4)
B' (hkx.0)

The space group of the crystal introduces other symmetry

and creates relationships among the A(hk/?) and the B(hkJ)

that usually simplify the above expresclons.

noted that, 1f the space group possesses a center of symmetry,

F(hk!{) = F(hk2).
F*(Eﬁz), and so we must have all B(hk4) = 0.

It

should be

But Friedel's Law states that F(hkY) =



A0

There are two general methods for evaluating such serles;
one is to evaluate the series directly as a three dimensional
sum in the form (L) or (5), the other is to use form (5) and
to evaluate it as successive one dimensional summations. In
general, it can be said that the calculation time required
for successive one dimensional summations is relatively inde-
pendent of the number of terms to be summed provided the
symmetry 1s unchanged, while the direct evaluation 1s essen-
tially proportional to the number of terms to be summed. The
intermediate results which must be retained are much more
extensive in the first case than In the second. It can be
seen that the best form is strongly dependent upon the speci-
fications of the computer to be used and the number of terms
to be cﬁnsidered. In general, provided the requirements for
moderately fast large capacity storage can be met, it would
appear better to do full calculations in the expanded form
and partial calculations of correction terms in the unex-
panded farm. The correction results could be added to the
previous results to give the new function.

Another point, which 1s ¢f great Interest, is the possi-
bi1lity of evaluating such serles only over the basic 1/6l of
the unit cell (1/l4 x 1/l x 1/I}). TUse can be made of trigono-
metric relationships to produce the required values in the
remainder of the cell. 1In the case of series () this in-
volves breaking the calculation up into groups of terms, each

of which transform in the same way. The sums of each group
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can then be transformed to give the flinal result. Unfortu-
nately, this requires a knowledge cf the same expression with
sin substituted for cos and vice versa. This deubling of
work 1s somewhat unsatisfactory and Increases the output data.
In addition, the translation of these groups 1s not very
slmple, Expansion in each of the three dimensions involves

such relations as

cos(A + mn/2) = cos Aif m =ln
= «-sinAifm=Ln+ 1
= =cos Ailf m=1}ln+ 2
= sSin Aif m=1ln+ 3
and sin(A + mn/2) = sin A if m=ln
= cosAifm=ln+1
=~-sin Aifm=ln + 2
= ~cos Aifm=10Lln + 3

The series (£) can be transformed in a somewhat simpler

manner by the relations

cos 2nhx = cos 2nhx 8in 2xhx = sin 2nhx

cos 2nh(x+1/h)=(-l)hcos 2nhx' sin th(x+1/h)=(-l)h+lain 2nhx '
cos 2nh(x+1/2)=(~1)Pcos 2nhx  sin 2nh(x+1/2)=(-1)Psin 2xhx
cos 2nh(x+3/l)=cos 2nhx' sin 2xh(x+3/4)= - sin 2xhx!
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where x' = 1/l - x. In the case of an expansion by 1/4 or
3/l4, the coordinate corresponding to x in the basic 1/64 of
the cell is read in reverse and translated. This is carried
out by simply changing the labeling of the polints on the
final tabulated results.

As a consequence, if the terms of the serles are broken
up into groups, each with the same translation properties in
three dimensions, and the group sums are obtained over the
basic 1/6l4 of the unit cell, the results for the remainder
of the cell may be obtained by summing the same groups but
with the signs of certain groups changed. This can be car-
ried out automatically at the time of tabulation, even on the
I.B.M. 02 tabulator. The proper wiring for any given trans-
lation can be selected by three external switches, sach con-
trolling the translation in one of the three dimensions. The
results of the three independent translations are combined
by the use of coselectors to contrel the addition or sub-
traction of a given group under the translations set in the
switches.

A similaer method could be used to expand the results
from series (lj) but the added complication of having sin and
cos type contributions which must be selected would prohibit
its use with the I.B.M. L02 tabulator unless these were
selected before each translation. The two systems would not
be compatible and could not be summed and translated to-

gether. Compatibility might be attainable on an I.B.M. 407
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tabulator but this has not been investigated. However, if
the form (L) is to be used for correction terms only, the
most convenient thing to do would probably be to evaluate
directly over all of the cell that i1s of interest. Then if
the results were treated as even cos terms, and odd quarters
of the unit cell punched in reverse, the corresponding sums
for each translation could be added to the original series (5)
cards to glve the new evaluation of the electron denslty.

The above treatment of correction terms from series (L)
is the most efficient over the basic 1/6L of the unit cell,
but duplication becomes comparatively expensive 1f many such
cell fractions must be used. A third procedure, better
adapted for many cell fractions but less efficient in the
basic 1/6l4 of the unit cell, is to use series (5) but not to
use successive one dimensional summations. By taking advan-
tage of the smaller number of terms, even moderate storage
faclilitlies will enable the direct evaluation of the same sub-
series and the utilization of the same expansion scheme as
for the successive one dimensional summations.

There remains one further question to be discussed.

That 1s the question of the nature of the desired final infor-
mation and the effect of this on the programming. The
Fourier serles are used both in searching for new features

to be included in a model and in improving the parameters of

a rough but essentlally complete model. In the first case

the volume of the unit cell must be campletely explored. In
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the second case, because of a knowledge of the rough parame-
ters, only a small part of the total unit cell volume really
needs to be explored. The three successive one dimensional
summations are more suitable for the first case, while small
parts of the unit cell can readily be explored by series (l)
or by the method discussed above using series (5) without
successive summations.

The information in the second case that is really de-
sired is the location of the maximum and the shape of the
peak. The results of a limited exploration about the maxima
could then be used in a separate program to produce this in-
formation. The lattice points must be close enough to ac-
curately define the shape of the peak.

There are three general ways to explore the whole unit
cell. One 1s to evaluate the series on a mesh fine enough
to give a satisfactory definition of the peak. The second
is to use a rough 'searching' mesh and a fine mesh about each
interesting point. The third method 1s to compute the pro jec-
tion of the electron density onto a plane and then evaluate
the electron density along a line perpendicular to each maxi-
mum to find the third coordinate. A fine mesh evaluation
about this point would then give the desired information.

It would appear that, in any given problem, one of the above
procedures would be better than any of the others and that,
ideally, one would like to be able to use that method which
1s thought to be best suited. This would probably require
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several different programs., If sufficient storage 1s avail-
able 1t should be possible to put out only the parameters of
the maximum and of the peak shape. This would be easier to
do In the second and third cases. The first case, except
for enormous storage facilities, would require humsn selec-
tion of points to be used in defining the peak. These could
then be fed back into the computer to determine peak parame-
ters.

The use of the various techniques above would require
several different programs, some of which are but poorly
adapted to evaluation of the basic I.B.M. 650 machine. The
advent of faster and larger computational machinery on campus
will make most of the above techniques feasible. The follow-
ing 1s a discussion of the programs which were written ror

the I.B.M. 650 as a start toward meeting the above needs.

2. Thres dimenslional block program

The first attempt to write an I.B.M. 650 program was to
carry out the direct summation of series (L) over the basic
1/6l of the unit cell and then to expand to obtain the re-
mainder of the unit cell. It was felt that the avoidance of
the large quantities of intermediate data required by suc-
cessive one dimensional summations would make up the differ-
ence in the efficiency of the approach. As mentioned before,
the time required is, for series (L), directly proportional
to the number of terms considered, while the time required
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by the one dimensional summastions is somewhat independent of
the number of terms provided the number of terms is much less
than the number of mesh points to be evaluated. Consequently,
there must be some point at which the latter method becomes
superior. This point was not an easy thing to decide in
advance. The actual programming of the direct evaluation

led to the conclusion that even for large two dimensionsal
projections the latter method 1s superior, at least on the
basic I.B«M. 650, This latter method subsequently found
realization in the T.D.F. }0-80 program which will be dis-
cussed in the next section.

One of the things which had promoted so much interest in
the direct method was the invention of a subroutine that
could obtain, and store for future use, values of cos ©(hkQR)
or sin 6(hk{) evaluated along a line in the mesh. The time
required, aside from initialization for the specific 1line,
was one revolution of the drum per point in the line. This
subroutine was so fast that it was hoped that the calculation
by thils method would make direct evaluation feasible. The
use of the unexpanded form (l4) 1s not feasible in general as
was discussed above. However, if the number of terms in-
volved or 1f the number of points involved are small, this
procedure has many advantages, including that of speed.
Consequently the unexpanded form is good for the evaluation
of the electron density about a single maximum. Since, sas

was discussed, the three dimensional block evaluation is a
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very useful tool it was decided to write such a program. To
save more time, it was decided to open up the interior loops
and write them out explicitly. Because of the increased
initialization, this did not turn out to be a very good 1ldes,
and if the program were to be rewritten, this should not be
done. Even so, the final program is quite satisfactory.

The overall design of the program having been carried
out, the program was written in collaboration with Mrs.
Phyllis A. Keys.

Since there is no need for expansion to other parts of
the unit cell in such a program, subseries sums are not re-
quired. The summatlon 1s by a direct three dimensional pro-
cedure and so one pass of the coefficlent cards produces s
small set of output cards contalning the values of the elec-
tron density. The values obtained sre on the mesh points of
a cube of Y points to a side, that 13, a total of 6l points.
The mesh polnts are at such e spacing that there are 80 mesh
points along each side of the unit cell. It was felt that
this would be enough to define the peaks except possibly for
very large cells. If the program were rewritten with uncut
loops, 1t may be that more polnts could be accommodated. The
program computes at a rate of approximately twenty reflec-
tions per minute. For a detailed description of the program

and a set of operating instructions, please refer to Appendix

A.
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3. Block peak program

In accordance with the general discussion, it was felt
that a program which could take the results of the three
dimensional block program and generate a set of parameters
describing the peak would be desirsble. The procedure is to
fit the electron density near the center of a peak using the
function

2

= 2 2
f= exp [ao + a.x" + a5 + 832 + ah; + acy

+ 8gz + 8,5z + agxz + agxy]

by means of a least squares treatment. This program was
written by Mr. Donald E. Williams and is included here only
to complete the discussion of this tyre of approach. The
program was written in the Bell Iaboratories interpretive
routine and is quite rapid. About one minute is reguired
for each peak. This program has been written up and 1is
avallable from Mr. Williams (16). This program and the pre-
ceding block program are very useful during a refinement of

e structure.

4. The T.D.F. 1j0-80 program

If the model i1s not firmly established, a complete
search of the unit cell is needed. This may be accomplished
elther by rough scanning and using the block program about
maxima or by evaluation of all points on & fine mesh. It
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was found possible to write a program that could do either
job. A mesh of }O x 4O x 4O points is used for rough scan-
ning and a mesh of 80 x 80 x 80 points is used when all
points and a fine mesh are desired. The procedure 1s based
on series (5).

The method of calculation is quite simple and involves
the use of two trigonometric tables containing cos 2nhx and
sin 2nhx for h = 1,2,+00,39 @and 80 x = 1,2,¢..,19. These
values correspond to the 80 mesh program. They are reduced
appropriately for the 4O mesh program. The functions are
stored with rounded six significant figure accuracy. These
tables occupy most of the drum storage. The speclal values
not included above are computed by the program.

A one dimensional summation is evaluated for each pass
of the cards. The output cards are then sorted and passed
through the I.B.M. 650 again for the next sum. The time re-
quired for the calculation may be estimated from a card
reading rate of approximately 100 cards per minute and a
card punching rate of 100 cards per minute for an evaluation
on the 80 x 80 x 80 mesh. The last summation punches re-
sults with ten points per card. The intermediste sums punch
only one point per card. The number of subsums required
depends upon the expansions required to cover that portion
of the unit cell which is of interest. The card reading
rate is much faster for the 4O x 4O x 40 mesh and, of course,

the output from each summation is only half that of the
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output from the 80 x 80 x 80 mesh evaluation. The output
punching rate is still 100 cards per minute. The two pro-
grams can be mixed to give differing meshes in different
directions. This calculation rate is close to the maximum
rate at which cards can be read and punched. The calcula-
tions are carried out over only 1/4 x 1/4 x 1/l of the unit
celle The remainder of the cell 1s obtained by combining
the subsums appropriately at the same time the results are
printed.

The time required for a calculation by the above method
is essentlally just that required to read and punch cards
at a rate of 100 cards per minute. Any possible increase in
speed as a result of reprogramming must come about through
a reduction in the number of cards punched and read. It
should be noted that the time being referred to is the time
on the I.B.M. 650. Some time is resquired for sorting, but
the expense of this is minor. After the T.D.F. L0-80 program
was completed, a modification was discovered which effective-
ly reduces the number of cards punched by s factor of from
two to elght. This would now bring computation speeds up to
a limit set by punching and reading times with actual in-
ternal calculations requiring only a minor amount of time.
A further advantage of this modification is that sorting is
eliminated for two dimensional evaluations and is greatly
reduced for three dimensional evaluations. This modification

will be made in the near future. Where an I.B.M. 650 with
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magnetic tape attachment is avallable, the speed will be
increased by a large factor by using this modification. For
details of the T.D.F. LO0-80 program please refer to Appendix
Be.

B. Least Squares Methcd

l. General problem

A least squares method was first applied to the refine-
ment of crystal structures by E. W. Hughes (17). In order to
make clear the application of computer methods and the use=-
fulness of the least squares method, a detailed analysis of
the method is given below.

The structure fector can be related to the parameters

of the atoms in the crystal by

(7) F(hkQ)=2 £, (hk)) exp[—B sinae/az] exp 2ni(hx,+ky,+4z,)
1 i i i i i

where A = wave length of the radiation used,

@ = Bragg reflection angle,
B

i isotropic temperature factor for atom i,

and XysY4:24 = coordinates of atom 1 expressed in fractions
of the unit cell.
One measure of agreement between a trial model and the

observed data is
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% LAY (iFol - ‘Fct])z

(8) Ry =
3 3 W, JFOIZ
where u = index representing all hk/,
W, = weighing factor for u = h,k,t,
!Fo’ = observed structure factor magnitude,
and 'Fct, = calculated structure factor magnitude for the

trial structure.

If the errors in the observed data obey a Gaussian dis-
tribution and if there are no errors in the calculation of Fct
the minimization of R3 with respect to the parameters of the
structure will lead to a most probable set of values for the
parameters. A general discussion of this relationship 1is
given by E. T. Whittaker and G. Robinson (18). If we denote
the values of IFct‘ based on the most probable structure by

,Fch we can expand ’Fch about thtl in a Taylor series and

obtain
m m
(9) |Fop| = [Poyl + 1§1 Ax,Fy + 5 121 z Axy0x Fy g+ ees
where m = total number of parameters,
Axi = corrections to be added to the parameters of the

trial model,

_ 2lpl
1 axi xy for the trial model,
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_ 02 |pl

F13 5 Y x0 %

Xy for the trial model.

The function R3 will be a minimum when the trial structure
is the most probable structure. This implies that

=0

- 2
(10) ) [ﬁwu UFo] = [For)

2
N A N |

By substituting the value of [FcT] from equation (9) into
equation (10) we obtain a set of equations reslating the ax,
and the observed data. If the trial model is close enough
to the most probable structure, we can neglect high order
terms in the series (9) because of the smallness of the Axi.
Retaining for the present all terms through the second order,
we can write equation (10) after the substitution for ,FcT'
in the form

m
0= (IF )=F \)(-F,) + & Ax, F, F
%“u[l of "[Foe) ) (Fy) + 2 &xy Py Fy

n

- 1E=1 bxy iy (JFol=IFegl)

m m
TG A T T



m m
i1z ¢

+ = Ax, Ax, F, F
2 1=1 3=1 1 J k1]

If we consider only the linear terms involving deriva-
tives with respect to X, We can solve for the Axk to obtain

2 My (PGl = [Fegl) Fy

5 wu[FE = Fre (Fol = Feyl )]

Ax, =

This last step 1s definitely an approximation and essentially
corresponds to neglecting all terms of the Taylor series be=
yond the linear one. Only the second term in the denominator
arises from the second order Taylor series term. The Justi-
fication for using only linear terms is made on the grounds
that the Axk are small and that the other terms tend strongly
to cancel when summed. In any case, if the model is close
enough the corrections will be valid. Because of the approxi-
mations involved, an iterative procedure is used by recalcu-
lating the Fct for the new parameters and determining the new
correction. The new corrections are usually too large and so,
to prevent oscillation, they are reduced by a constant factor
before the next cycle., It 1s possible to include many of the

other terms, but this requires much more calculation. Several
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cycles of the linear approximation could be computed in the
time it would take to compute more accurate correctlons.
Convergence, if it occurs, 1s usually rapid enough to make
the linear approximation quite satisfactory. There is good
reason to think that one might get convergence from a poorer
meodel i1f more of the cross derivatives were included. This
is difficult, but not impossible to do using the I.B.M. 650.
The second term in the denominator is usually neglected
also. This may not be a good approximation in some cases.
Since this term i1s quite easy to include, it would probably
be worthwhile to include it. The size of this correction
may be Jjudged from the ratio of one term in the denominator
to Fi. This ratio is, if a center of symmetry is assumed,

F ~

ot| D% [OF
(ol = I7eel) §3 (22
Fct ° ¢ ) xﬁ 2 Ty X

l-

for the trial
model

For the atomic position parameter of the r atom in the space
group P1 this ratio becomes

| ez
|F oyl o2 2n(bx +ky +0z )

3.
Cv

1+ (\Fo\ - \Fctl) 5
Fo.¢ fp exp[ -B,, 5%%§2J sin22n(hxr+k7r+ﬁzr)

where Xns Vp and z_, are the coordinates of the r atom in

r
fractions of the unit cell dimensions. Because of alterations
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of sign of the second term, the sum of such terms will tend
to cancel. For the temperature factor of the r atom using

the same space group the ratio becomes

1- () - |F |Fetl sinZQ/AF )'1

| )

Again such terms tend to cancel. In the early states of
refinement, however, these differences tend to be systematic
in sign and will then not cancel. It would appear that the
inclusion of this term, particularly for temperature factor
corrections, would be advisable.

The standard deviation of the parameters so obtained
may be estimated (18) from the equation ¢r2(xr) ==Z§ Brr
% wy (R 'Ich)z

ue-m

2

where o

total number of reflections,

e
i

m = total number of parameters being varied,

Brr = r'th principle minor of D,
byq bla...blm’
P1p Doy v o e By
D =
blm o o o o bmm R

Py = 2, [7yF, - 64 (IFol = IFl) Fij] .
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If brj (3 # r)<<bv,., which will be the case if the peaks are

well separated in an orthogonal cell,

Prp _ 1
D b..
and so »
5 g’“ﬁ (Fol = [Fogl)
g “(x,) =

Since the values of d'z(xr) have real meaning only when the
refinement 1s completed, the term &, . ([Fol - |F,il) Fy, can
be lgnored as it must tend to vanish in the sum.

A very good least squares program, written by M. E.
Senko and D. H. Templeton (12) is available and has been used
for many of the calculations involved in the following struc-
tural investigations. A brief description of this program
willl be given in the next section. The purpose of this de-
scription is to place in context the modifications discussed

in the L.S.II M program.

2 L.S.II program

In the Senko-Templeton L.S.II program (12), the correc-
tions to the parameters are computed by neglecting all second
order terms in the Taylor series expansion and by neglecting
all first order cross terms except those between x and z for

the same atom and those between the temperature factor of the
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first atom and the scale factor. The standard deviations
are computed in a corresponding manner.

The structure factor and its derivatives are computed
only for orthorhombic space groups. This subroutine can be
rewritten for other space groups. In orthorhombic systems,
the trigonometric part of the structure factor takes for 1its

A part one of the forms

cos 2nhx cos 2nky cos 2nfz
-c08 2nhx sin 2xnky sin 2nfz
-sin 2nhx cos 2nxky sin 2nlz
-sin 2nhx sin 2nky sin 2nfz

and for its B part one of the forms,

sin 2xhx cos 2nky cos 2n .z
cos 2nhx sin 2aky cos 2xjfz
c0s 2nhx cos 2xky sin 2nfz
-sin 2nhx sin 2xky sin 2nf2

where F(hk/) = A + 1B. The form to be used is specified by
appropriate codes on each roflection card. These forms, of
course, must be multiplied by multiplicity factors, tempera-
ture factor corrections, and scattering factors to form the

structure factor.
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3. L.S.II M program

Because of the frequent occurrence of other crystal
classes, & somewhat more flexible structure factor section
was desired. This flexibility can be achieved by summing
an arbitrary number of the various orthorhombic forms. If,
in addition, the indices can be changed and more sets of sums
added to the first set the program is suitable for essential-
ly all space groups. The modifications to the L.S.II program
are designed to accomplish this flexibility.

The structure factor and derivative subroutines are
modified so as to accumulate results in work cells rather
than only storing them in the work cells. An added routine,
just before the make up of the arguments section will zero
the work cells. Thus, for any one atom, the calculations are
started with zero in each work cell. The subroutine exits
have been so modified that after a B part has been obtained
the corresponding A part is obtained and then the progrem re-
fers to address 1999 of the magnetic drum storage of the I.B.M.
650, If two or more orthorhombic type terms are desired for
the same indices, the A type subroutine exits are modified so
as to refer to the entrance of the next desired term. The
results are automatically accumulated. The program will, in
any case, finally exit at 1999. At this point, an index
modification routine may be inserted, and the program is then
returned to the make up of arguments routine for the calcula-

tion of the next set of terms which are also automatically
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summed with the previous results. This can be repeated as
many times as is required. Wheu the final structure factor
and its derivatives are obtalned, the modified program exits
into the normal program. This requires the use of control
cards which will couple the orthorhombic type routines as
desired. If index modifications are required a short sub-
routine must be written and inserted at 1999.

There are a few other minor modifications to the L.S.II
program which expand its usefulness. For detalls please

refer to Appendix C.
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IIT. STRUCTURAL DETERMINATIONS
A. Structure of Er(CZH5SOu)3°9H20

l. Data

Preliminary X-ray diffraction photographs using the
Welssenberg and precession cameras verified the assignment
by J. A. A. Ketelaar (10) of the space group Cgh - P63/m.
The only systematlcally missing reflections were of the type
(008) with = 2n + 1. Photographs taken with long exposure
times indicated that the missing (00R) reflections could not
have an intensity above the background level. This would
indicate that the true space group is probably either
02 - P63 or Cgh - P63/m, since general positions in the space
group must be occupied. The structure was refined on the
basis of the centrosymmetric space group Cgh - P63/m. The
excellent final results further confirm this symmetry.

A small crystal was mounted in such a way as to record
the (hOR) reflections on & back reflection Weissenberg camera.
Measurement of the positions of these reflections at large
angle gives lattice constants of a = b = 13.915 ¥ 0.001 K
and ¢ = 7.06L4 ¥ 0.002 X. The lattice constants reported by
Je A. A. Ketelaar (10) are not quite as accurate, but the
above values are within his limits of error. From the
density of 1.96 (10) the number of formula weights per unit

cell is found to be two.
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The photographs to be used for intensity measurements
were obtained using an approximastely cylindrical crystal
0.5 mm in length and 0.1 mm in diemeter. The axis of the
cylinder was the crystallographic c-axis. The crystal was
coated with a thin layer of Canada balsam to prevent loss
of water. Molybdenum Ka radiation was obtalned by filtering
the radiation from a molybdenum X-ray tube through zirconium
foil. Data were obtained, using this Ka radiation, by ro-
tating the crystal about the c-axis in a Welssenberg camera
eand recording each layer line so produced. A total of nins
layers, including the zero layer, were recorded. Two sets
of standards spots were obtained. The spots used for the
standard sets were taken from the zero and third layers. By
judging the intensities of a given layer agalnst that set of
standard spots which had the same size and shape, it was
possible in large measure to compensate for the variations
of spot shape. Several film packs, with six films per pack,
were exposed for varying times for each layer so that the
intensitlies would overlap. The film transmission factor of
Eastman Kodak X-ray film for molybdenum is 0.736. Each spot
was Jjudged on each film as long as it was in the range of
the standard spots. By use of the film factor, all intensi-
ties were scaled up to the first, most intense, film and
averaged. The average was taken using weights related to
the reproduclibility of measurement in the different parts of

the standard spot range.
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A standard judging procedure was set up and the actual
intensity judgements were made by Mrs. Jean Kestel. Mrs.
Kestel was unfamiliar with thls work and was quite free of
any bias in judging. After & very brief instruction period
she was able to do an excellent job of judging the intensities.
As she did not know the transmission factor of the film, each
measurement of one reflection was quite independent of the
others. To save confusion, the reflections were indexed by
an overlying grid of lines on tracing plastic. One set of
lines was numbered and each line corresponded to reflections
having a common h value. The intersecting lines were lettered
and each line corresponded to reflections having a common
h + k value. This procedure gives a grid with each line cross-
ing the others with a large angle of intersection, an aid in
preventing mistakes. If the grid were the regular Weissesnberg
net, the intersections could occur at small angles with re-~
sulting uncertainties. The actual (hk{) indices were assigned
from a knowledge of the letter and number assigned to the
reflection by the grid. Each reflection was judged on as
many films as possible. The data were then checked, indices
assigned, and weighted averages computed. This rrocedure
worked out with complete satisfaction. Approximately 1300
reflections were jJudged in this manner.

The reflection intensities were corrected for Lorentz
and polarization factors by means of the INCOR (19) program
for the I.B.M. 650. The INCOR program also evaluates
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sinze/z2 and looks up the values of the atomic form factors
from tables punched into cards. Atomic form factors for
carbon and oxygen were obtalned from the work of J. Berghuis
et al. (20), that for sulfur has been computed by H. Viervol
and 0. Ogrim (21), and that for erbium was obtained from the
work of Thomas and Umeda {22). The values of F(hk{) so ob~

tained are given in Appendix D.

2. Trlal structure

The possiblic sets of equivelent positions in the space
group P63/m are given in the Intermnational Tables for X-ray
crystallography (23) and are reproduced in Table 1. The co-
ordinates are given in terms of fractions of the unit cell.

As there are only two molecules per unit cell (10), the
two erbium atoms must be assigned to one of the two fold
sets. The erbilum scattering power 1s so great that if it
were asslgned to elther set a or set b the layers for od@
values of £ would be composed of comparatively weak reflec-
tions. As this is not the case, the erbium atoms must be
assigned either to set ¢ or to set d. These two sets differ
only in the position of the origin of the unit cell, and so
set c was selected.

A two dimensional electron density projection using the
(hkO) data and the signs of the erbium structure factor
contribution was computed by the use of the T.D.F. J0-80

program for the I.B.M. 650. Because of the sixfold symmetry,
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Teble 1. Equivalent positions for space group P63/m
Wyckoff Conditions
notation limiting
and point possible
symmetry Co-ordinates of equivalent positions reflections
11 x,75,2; ¥,x-y,2; y-x,%X,2z; (00§):f=2n
i:§:2: Y,Y‘X,E; x'Y:xsai
= =1 . 1,. . i,
x,y,?z, y,Y‘x,Z"'Z, x'y,xsa
1 -
x:Yr"z"z: Y,X‘Y,%'ZS y'x:xyé‘z'
1 - -
h m x:ya‘[l'_! y,x-y,%:; y‘x’xo'&;
E:i:z’/"-'n Y,Y'I,3/LI-; x"‘Y:x’3/L|-' (00‘0):»Q=2n
e T 300 0,3,0; 1i0  (ma) ig=n
1 1 11 1
205 0,23 533
£ 3 1/3,2/3,2; 2/3,1/3,2; (hkf): if
h-k=3n then
2/3:1/391/2+Z; 1/3’2/3:1/2'2' {=2n
e 3 0,0,z; 0,0,z; (hk{) :4=2n
1 1
0,0,5+2; 0,0,5-2
d 6 2/3,1/3,1/L4; 1/3,2/3,3/lk. (hkR): 1if
h=k=3n then
c & 1/3,2/3,1/4; 2/3,1/3,3/L. 2=2n
b 3 0,0, 0; 0,0,1/2. 4
(hk {) s1=2n
a 6 0,0,1/li; 0,0,3/l.
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for each reflection (hkO) there sre five other equivalent
reflections (kIo), (inho), (kko), (k10), and (1hO) where

1 =h + k. Only the monoclinic symmetry could be used in
reducing the number of required coefficients for the Fourier
sumstion. Consequently the reflections (hku), (kiO) and
(1h0) must be separately included. The atoms in the unit
cell were remarkably well resolved in this projection, and
rough x and y parameters for all of the atoms except for the
carbons and the hydrogens were obtained. There were .indica-
tions of possible carbon positions, but the interpretation
of them was somewhat ambiguous. The rough parameters so
obtained are given in Table 2.

The z-parameters can not be obtalned directly from the
electron density projection. However, from a knowledge of
reasonable atomic radii, it is possible to assign either one
of two sets of z-parameters. These two sets are given in
Table 2 where either the upper set or the lower set of values
may be used. The sixfold water molecules and the sulfur
atoms cannot have the same z-parameter as this would place
the water and a sixfold sulfate oxygen too close together.
From a knowledge of the sulfate iom structure, the z-
parameter, relative to the sulfur, can be deduced. The fur-
ther assumption that the twelvefold water molecules are
hydrating the metal ion allows an estimate of their z-

parameters to be made. There was no very convincing way to
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Table 2. Rough parameters from electron density projection

Number of positions

Co=-ordinates

and point symmetry Atom x Yy z

E Erbium 00333 0.666 00250

0.750

6 m Sulfate Oxygen 0.247 0.418 0.250
0. 750

6 m Sulfate Oxygen 0.224 0.242 0.250
0.750

12 1 Sulfate Oxygen 0.381 0.390 0.069
0.569

6 m Water Oxygen 0.337 0.h950 0.750
0.250

12 1 Water Oxygen 0.215 0.550 0.562

distinguish the two models from the information given by the

(hk0) data and atomic radii.

3. Refinement of the trial

structure

The trigonometric part

slon for one general set of

L cos 2nfz [cos 2n(hx+ky) +

and for £ =2n + 1 by

of the structure factor expres-

atoms is given for £ = 2n by

cos 2n{ky+iy) + cos 2n(ix+hy))
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-l sin 2n %z [sin 2n(hx+ky) + sin 2rn(kx+1iy) + sin 2n(1x+h3)],

where 1 = h + k. This form is not suitable for computation
by the L.S.II M program. By expansion, the above forms can

be written as,

for £ = 2n,
h.{cos 2nhx cos 2nky cos 2nfz = sin 2nhx sin 2nky cos 2nfz
+ cos8 2nkx cos 2nly cos 2nfz - 8in 2nky sin 2nly cos 2niz
+ cos 2nix cos 2nhy cos 2nfz - sin 2nix sin 2nhy cos Zﬂlé

and for £ = 2n + 1,
-4 [ sin 2nhx cos 2nky sin 2nfz + cos 2znhx sin 2nky sin 2n/z
+ sin 2nkx cos 2Riy sin 2%z + cos 2nkx sin 2nily sin 2nfz
+ sin 2nix cos 2rnhy sin 2n8z + cos 2nix sin 2rhy sin ZnR%}

By the use of the L.S.II M program, this form can be
evaluated and the proper derivatives can be cbtained. For
each pass through the structure factor and derivative section,
one palir of the six terms is evaluated and their derivatives
are obtained. The indices are then altered and the next pair
is evaluated anc summed with the first pair. A second index
modification follows and then the third term 1s computed and
suﬁmed. The indices are then restored to their original
values and the regular L.S.II program 1s entered again. The

work cells used above are reset just before the first
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entrance to the structure factor routine for each atom. In
this program, the multiplicity factor used is one for the
general 12 fold set and proportionately less for special
sets. This involves adding a factor of 1/6 to those availl-
able in the program.

A few cycles of refinement of the (hkl) data using the
erbium and sulfur parameters of each of the two possible
trial models clearly indicated that the correct structure
is the one assigning a z-parameter of 0.750 to the sulfur
set of atoms. This then forces the choice of the remaining
z-parameters to be the lower ones of the pairs given in
Table 2. It should be noted that large corrections to the
erbium parameters were indicated. This is, of course, non-
sense. The reason for this is that the positional deriva-
tives of the erbium positions vanish identically. Because
of the 1/3 and 2/3 in the parameters and because of the
method used to obtain the sines and cosines, enough error
is introduced to produce a correction which is the ratio of
two error terms. This results in erratic and meaningless
corrections to the parameters of the erbium atoms. This
can be taken care of by simply resetting the erbium parame-
ters before each cycle.

The refinement of the trial model obtained above was
carried out by least squares cycles using the (hkO) data.
The z-parameters were, of course, not refined by this pro-

cedure. A constant weighting factor was used and values of
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Rl = 041198 and of R2

are defined by

= 00,0193 were obtained. R1 and R2

2 (Pl - o))

R. =
L N
€ (|Fo] - |Feyl)?
R2 = -2 2 s
FEN

and are a measure of the agreement between the model and the
data. Because of the errors 1n measuring the data an agree-
ment factor of Rl’V O«l implies very good agreement. The R
fector alone, however, is not enough to justify a model

since a few important reflections may be matched very poorly.
This would indicate that changes must be made in the model.
Such was not the case here.

A few signs of the F(hkO) were changed by the inclusion
of the other atoms and so another electron density projection
was obtalned. The carbon positions were still ambiguous,
but it was possible, from packing considerations, to assign

approximate parameters. These parameters were x = 0.186,

Yy 0.031 and z = 0.750 for one sixfold set of carbons and
X = 0.287, y = 0.181 and z = 0.750 for the other sixfold set
of carbon atoms. The inclusion of these carbon parameters
lead to a further refinement of the model by leasﬁ squares.

The agreement factors thus obtained were R, = 0.088L4 and

1
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Table 3. Results of two dimensional least squares
reflnement of Er(caﬁgsoh)3°9H20
Set

Atom  number B X Y (2) T x Ty

Er 01 137 0.3333 0.6666 0.2500 - -

S 02 2.34 0.3205 0.3725 0.,7500 0.0008 0.0008
o(sou) 03 2.83 0.2489 0.4211 0.7500 0.0022 0.0022
0(sou) ol 2.55 042259 062357 07500 0,0022 0,0021
o(sou) 05 3.68 0.3828 0.3960 0.569 0.,0013 0.0013
0(H,0) 06 3.29 0.3L94 0.4927 0.2500 0.0024 0.0025
0(H,0) o7 2.45 0.2133 0.5463 0.562 0.0011 0.0011
C(CHB) 08 3.09 0601767 0.0524 0.7500 0.0034 0.003L
C(CH,) 09 3.12 0.274l4 0.1671 0.7500 0.0034 0.003L

R, = 0.0097 which indicate remarkable agreement with the

data. The resulting parameters, with their standard devia-

tions are given in Table 3.

The set number used in Table 3 is mersely an identifica=-

tion number used to keep the cards and calculations consist-

ent. B 1s the temperature factor.

It 1s Interesting to note the manner in which the scale

factors, the temperature factors, and the positional parame-

ters converged using the least squares method.

The starting
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model was most accurate with respect to positional parameters.
The initial scale factors were approximate but crude. The
initial temperature factors were just guesses but were ap-
proximately correct. The positional parameters moved very
little in the first stages of refinement while the scale fac-
tor was refining. The temperature factors invariably in-
creased during this period. Then in the middle part of the
refinement, after the scale factor settlied down the parame-
ters would adjust. The temperature ractors would remain
steady or continue to increase. Then in the last stages,

the temperature factors would drop sharply to their final
values. This seems to be a quite general behavior as a simi-
lar behavior has been noted in essentially all of the least
squares calculations for this and other structures. From
this behavior, the conclusion that faster convergence for

the temperature factor would substsntlally speed up the
overell convergence would appear to be valid. The behavior
of the temperature factor indicates that the approximations
used in computing temperature factor corrections are not very
satislactory when the error in the temperature factor is not
very smell, Because of the lack of oscillation in the tem-
perature factor, the damping factor for the corrections is
satisfactory. The linear diaéenal term arising from the
second order term of the Taylor series expansion is not used
in the L.S.II program. The form of this term 1s such as

possibly to account for the temperature factor behavior. It
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would be interesting to include this term but this has not
been done as yet.

A least squares refinement usiﬁg all of the data, about
1600 reflections including unobserved intensities, was car-
ried out. The temperature factors and parameters from the
two dimensional refinement cycles were used for the first
three dimensional cycle of refinement. Approximate scale
factors for each layer were obtained by taking a small num-
ber of reflections from each layer and refining crude guesses
while holding all other parameters fixed. This was a very
fast operation and it saves possibly several complete cycles
with the bulk of the data. These scale factors were then
used for the first three dimensional cycle. Each three
dimensional cycle required approximately nine hours time on
the I.B«M. 650. Five such cycles were computed using con-
stant welghting factors and the results are shown in Table
4 and Table 5. The agreement factors for the complete data
are R, = 0.1016 and R, = 0.0203 and are quite satisfactory.

The observed data and the calculated structure factors
based on the above structure are given in Appendix D.

The signs of F(hkQO) obtained from the above structure
were used to recalculate the electron density projection
onto the (00l) plane. The values of F
F pg(110), F (120) and F

(o10), F (020),

obs obs

obs(210) could not be obtained

from the films since they occurred at too small a reflection

angle. Since these reflections are very insensitive to the
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Table L. Scale factors and R values for Er(CzHESOL‘_)B"?HZO

Layer (2) Is‘ggigr R, Layer () g:iégr R,
0 9o Th6 0.0109 5 10.394 0.0303
1 8.255 0.0238 6 11.876 0. 0395
2 9.146 0.0122 7 13.56L 0.0321
3 8.048 0.0197 8 13.52 0.0391
b 9.143 0.0168 all - 0.0203
Teble 5. Parameters for Er(CaHSSOu)y‘?HaO
Set
Atom number B X Y Z cf‘x 0‘} 7z
Er 0l 1.27 .3333 .6666 .2500 - - -
S 02 2.02 .3191 .3720 .7500 .0003 .0003 -
0 03 2.83 .2489 .4216 .7500 .0012 0012 -
0 oy  2.80 .2289 .2i25 .7500 .0012 .0012 -
0 05 3.43 .3826 .3948 .5780 .0009 .0009 .0019
0 06 2.67 .3509 .4947 .2500 .0011 .OO1l -
0 o7 2.72 .2138 .5458 .4B68 .0008 .0008  .0017
c 08 3.95 1772 .0523 .7500 .0020 .0020 -
C 09 .0l .2727 <1693 .7500 .0020 .0020 -
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parameters, the calculated values of these reflections were
used in the electron density projection. The F(000) term
has been omitted and the electron density function was com~
puted with an arbitrary scaling factor. The resulting pro-
Jection is shown in Figure 1. It can be seen that good
resolution is obtained and even the carbon peaks are clearly
defined. This resolution, in the presence of tThe heavy
erbiun atoms, is much better than one previously would have

thought possible.
B. Structure of Y(C2HSSOM)3.9H20

1. Data

The preliminary data agaln, and for the same reasons,
indicated that the assignment of the Cgh - P63/m space group
to this compound by J. A. A. Ketelaar (10) was correct. A
precision determination of the lattice constants by a back
reflection technique gave the values a = b = 13.9245
0.001 K and ¢ = 7.057 0.002 K. This indicated that the
Y(02HSSOA)3'9H20 was isomorphous to the Er(CZHSSOu)3'9H20
crystale.

Because of the fluorescence of yttrium in molybdenum
Ka radiation, copper Ka radiation was used to obtain the
intensity data. It was possible to obtain data using the
Welssenberg camera for only five layers including the zero

layer. Approximately 600 reflections were measured. The



Figure 1l. The projection of the electron density of erbium ethylsulfate onto the
(001) plane

The value of F(000) was omitted in this calculation and an arbitrary
scaling factor was used. The contours are therefore in arbitrary units.
The contours about the erbium atom are spaced at four times the value
of the other contours.
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judging procedure was the same as that used in the case of
the erbium compound. The measured intensities were then
corrected for the Lorentz and polarization factors by use
of the INCOR program (19).

The intensities indicated that the only possible dif-
ference between the yttrium and erbium structures was one of
small parameter shifts. Consequently, the parameters of the
Er(c2HSSoh)3.9H2O structure were used as the trial model for
the yttrium compound. A projection of the electron density
onto the (00l1) plane gave essentially the same results as

for the erbium compound.

2. Refinement of the triasl atructure

In order to reduce the required number of three dimen-
sional refinement cycles, the x and y parameters were re-
fined using the (hkO) data only. Four cycles of least squares
refinement using constant welghting factors were computed.

The resulting parameters are given in Table 6. The agree-

ment factors attained are Rl = 0.,0913 and R, = 0.0125.

2
There 1s reason to believe that the true weighting fac-
tors which should be used in a least squares refinement are
not constant. The true weighting factors should be inversely
proportional to the square of the probable error of the
corresponding observed structure factor magnitude (18). Mr.

Donald E. Williams (16) studied the measurement errors and

concluded that it would be reassonsble to assume that the
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Table 6. Results of two dimensional least squares
refinement of Y(CaHSSOh)B'QHZO

Set
Atom number B X Y (Z) 01; 0 -
Yy
Ol 20 )49 03333 06666 02500 - -

02 2.25 3176  .3713 .7500 .0004 .OOQOL4
03 2,74 .2451 4121 .7500 .0009  .0009
oL 3.69 .2355 .2467 .7500 .0012 .0012
05 3.99 «3836 «3948 .5780 .0006 .0006
06 .82 3463 .4911 L2500 .001l4 .00l
o7 2.89 .2127 .Shhb 868  .0006  .0005
08 T34 1726 o2 .7500 0026  .0033
09 3.59 .2734 .1657 .7500 .0019 .0018

Q O c OO O O o wn

probable error in the observed structure factor magnitudes is

given by the formulae

. _C
AFO = 2OOF0 for Io 2 16 Im’
kaZ
and &, = 57 for Io < 16 I,

where ¢ = percentage error in observed intensities Io’
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kIm = absolute error in I°
Im = background intensity
Fm = value of F corresponding to Im'

To a first approximation, Fm? is a constant and so, in the
second case above, AFO is inversely proportional to Fo‘ The
corresponaling weighting factor expressions were programmed
and inserted into the L.S.II M program. Any reference to
variable weighting factors in the following discussion will
mean the welghting factors based upon the above errors. It
should be mentioned that, when varlable weighting factors
are used, a third R value, RB’ is obtained from the L.S.II
and the L.S.II M programs. R3 is defined by

glwﬁ(,Fol - ,Fcti)2

sk

R

and 1s an especially sensitive measure of agreement.

Least squares refinements using all of the data were
carried out using both constant and variable weighting fac-
tors. Five cycles using constant weights were rfollowed by
two cycles using variable weights. Because of the previous
constant weight reflnement, the variable weight refinement
converged in the two cycles. This does not indicate faster
convergence wWith variable welghts. The results of this
refinement procedure are given in Table 7 and Table 8. The

upper values in each table are the results of constant
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Table 7. Scale factors and R values for Y(Caﬂgsou)3-9H20

for refinement with constant (upper values) and
variable (lower values) weighting factors

Layer 0 1 2 3 I All
2,02, 2.1 2.325 1.838  1.661 -

Scale Factor 7 997 5,175 2.295 1.751 2.153 -

. 0.0048 0.0041 0.0048 0.0076 0.0119 0.00607

3 0.0052 0.0035 0.0048 0.0055 0.0092 0.00537

. 0.0089 0.0082 0.0099 0.0097 0.02L45 0.0102

2 - - - - - 0.0117

R - - - - - 0.0808

1 - - - - - 0.0881

welghting factors and the lower values are the results for
variable weighting factors. The R3 values for constant
welghts were obtained from the next, variesble weight cycle.

It can be seen that the use of varisble weighting fac-
tors did not affect the R factors very much but that there
was some change in scale factors. The large change in the
scale factor for the fourth layer is probably due to the
preponderance of weak reflections in that layer.

The temperature factors Ifor the light elements are some-
what dependent upon the weighting factors used. This should
sound a note of warning about the use of anisotropis tempera-

ture factors. Anisotropic factors should be even more
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Table 8. Parameters for Y(C2HSSOI.4.)3'9H20 for constant

(upper values) and variable (lower values)
welghting factors

Set
Atom number B X Y Z 75 a‘.‘y T2

v ol 247 13333 .6666 .2500 - - -
2065 03333 06666 02500 - - -

S 02 2.58 3187 .3715 .7500 .0003 .0003 -
203’4. .3195 03715 .7500 .OOOS 00005 -
he29 .2482 .14188 7500 .0013 .0013 -
3097 02298 02,4.}43 - 7500 00009 . 0009 -

0 oL L7 .2305 .2Llb .7500 .0OL} .00lh -

0 05 3.95 3837 3947 5763 .0006 .0006 .0O1
.28 .3833 .3940 .5759 .0008 .0009 .00l

0 07 3.17 .2122 .5452 .L4854 .0005 .0005 .OOlk
326 .2129 5462 .4B73 .0008 .0008 L0021
6.71 .1815 .0526 .7500 .0023 .0023 -

. 71’- . 2755 . 1655 . 7500 . 0025 . 0025 -
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sensitive to systematic errors in the data. The use of such
factcrs should be valid only if all systematic errors in the
data and calculations are properly accounted for. This is
obviously not true for these data. However, the differences
in the temperature factors above should give a good measure
of the accuracy to be expected in the isotropic temperature
factors,

Fortunately, it appears that the weighting factors have
little effect on the positional parameters. The largest
difference, aside from the carbon parameters, amounts to
only 0.02 K in the parameter. One carbon parameter changed
by 0.03 K. These changes are of the same order as the stand-
ard deviations in the parameters.

The observed data and the calculated structure factors

are given in Appendix D.
C. Structure of Pr(CzﬂSSOu)3-9H20

1. Data
Preliminary photographs verified that the praseodymium
compound 1s isomorphous with the erbium and yttrium com-
pounds. Because there was interest in the symmetry of the
water molecules about the rare earth ion and because small
differences from the erbium compound might not affect the
intensities very much, partial data was obtained and analyzed.

Precision cell constants were not measured. The cell
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constants determined by J. A. A. Ketelaar (10) were used in
this investigation. The cell constants are a = b = 1L.035 K
and ¢ = 7.10l A.

The (hkO) data were obtained using a Weissenberg camera
and molybdenum radiation. The intensities were judged in
the same manner as for the erbium and yttrium compounds.

The intensities were corrected for Lorentz and polarization
factors by the INCOR (19) program. Comparison of these in-
tensities with the (hkO) intensities of erbium indicated a
very close correiation. Consequently, the structure of the
erbium compound should be & satisfactory trial model for the
refinement of this structure. The data so obtained is given

in Appendix D.

2. Refinement of the trial structure

Four cycles of L.S.II M refinement were enough to give
convergence from the trial model. Constant weighting factors
were used. The agreement factors were Rl = 0,0951 and
R, = 0.0157. The parameters obtained are given in Table 9.

The Y parsameter for set 05 is chosen so as to give a
consistent S - 0 distence and is 0.5770. The Y parameter for
set 07 is estimated, from the increase in the size of the
rare earth ion, to be 0.4947.

The high temperature factor, B, for set 05 is probably
due to insufficient resolution of this set from the set of

sulfur atoms. The shifts in the parameters are small enough
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Table 9. TFarameters of Pr(CZHESOu)3°9H20

Atom Set number

Y

x y

Pr ol 1.03 «3333 6666 - -

S 02 1.81 .3178  .3710 .0008 .0008
o) 03 2.79 2476 4207 .o002L4  .o002L
0 oL 2.92 .2292 .2422 < .0025 .0025
0 05 3.67 .3819  .3958 .00l .00k
0 06 3.03 .3570 .4908 .0026  .0025
0 o7 2.90 .2081  .5418 .0012 .0013
c 08 3.60  .1786 .0566  .0041  .00LO
C 09 4.13 .2763 L1748  .oo04L  .ooLh

to Indicate that there is little difference between the

praseodymium and erbium compounds except for the size of the

rare earth ion.

D.

l. Coordination of the rare earth ion

Discussion of Structures

The structures of the erbium, yttrium and praseodymium

ethylsulfates are essentially identical within experimental
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error, the sole difference being one of ionic size. The
general features of thils structure are shown in Figure 2.

The rare earth ion is surrounded by nine water oxygens
with the symmetry 03h° Six water oxygens are placed above
and below the rare earth ion at the six corners of a tri-
angular prism. The remaining three water oxygens are placed
out from the three vertical faces of the prism in the same
plane as the rare earth ion. These three water oxygens are
farther away from the rare esarth ion than are the six above
and below the rare earth lon. The metal to water oxygen dis-
tances are given in Table 10. These distances were calculated
by the use of the distance program (25) for the I.B.M. 650.
The symmetry of this arrangement could be D3h but there is
& slight rotation of the water oxygens, in the plane of the
rare earth ion, with respect to the six water oxygens out of
the plane. A rotation of the water oxygens in the plane of
4°23', 5°5', and 6°25' for the erbium, yttrium and praseo-
dymium compounds respectively would restore the D3h symmetry.
The possible positions of the hydrogen atoms will be discussed
in & latter sectionm.

The ethylsulfate oxygens are arranged about the rare
earth ion with 03h symmetry as shown in Figure 2. There are
a total of 18 ethylsulfate oxygens as next nearest neighbors
about the rare earth ion. The distances from the rare earth
ion are given in Table 10. The ethyl groups are packed
closely about origin of the unit cell. This packing about



Figure 2.

Packing diagram of erbium ethylsulfate

The solid circles represent atoms in the plane 2

1/k.

19
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[+]
Table 10. Distances from the rare earth ion in A

Set Distance Distance Distance
Atom number Quantity from Er from ¥ from Pr
0(H,0) 06 3 2.52 2.55 2.65
0(H,0) 07 6 2.37 2.37 2.47%
o(-soh) 03 6 .63 4.6l 4.65
0(-50),) 05 6 he77 477 he77%
6 461 L4.60 L.66%
S(-Soh) 02 3 5.13 5.13 5.18
6 5.33 5.34 5.36
O(CZHSO-) oy 3 5.56 5.57 5.61

8The calculation of these distances requires Y parameters
which have been estimated from the structure of the ethylsul=-
fate ion and from the increase in the radius of the rare earth
ion.

the 63 axls at the origin leads to infinite cylinders of
hydrocarbon material at the origin of the unit cell.

The hydrogens attached to the carbon stoms can be placed
8o as to preserve the 03h symmetry. This requires that one
of the methyl hydrogens lies in the mirror plane. The pack=-
ing, with such an arrangement, is quite reasonable. There is
no reason to suppose that the hydrogens violate the 03h
symmetry.
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2. The ethylsulfate ion structure

The structure of the ethylsulfate lon has been determined
during a structural investigation of potassium ethylsulfate by
Je A. J. Jarvis (2lj) using three dimensional Fourler tech-
niques. The distances within the ethylsulfate group are shown
in Table 11l. The distances for the potassium compound are

also given.

o
Table 11. Ethylsulfate lon distances in A

From To Distance

set set Er Y Pr K
02-S 03-0 1le45 1.45 1.b46 1.149
02-8 05-0 1 bl 1.46 1.45 1.4
02-8 05=-0 lobdy l.46 1.45 1.45
02-S o4-0 1.60 1.57 1.60 1.60
o4-0 09-C l.hly 1.52 1.40 1.h44
09-C 08=-C 1.50 .47 1.54 1.51
ol-0 05-0 2.145 2.45 2.47 2.46
oL4~-0 05-0 2.45 2.145 2.47 2.4
oL4~0 05-0 2.37 2.33 2.39 2.41
03-0 05-0 2.40 2.42 2.41 2.43
03-0 05-0 2.140 2.42 2.41 2430

05-0 05-0 2.43 2.45 2.44 2.36
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Considering the comparatively large atomic numbers of
Er and Y, the agreement with the potassium ethylsulfate
results is remarkable. The spread in the equivalent S-0
distances 1is only 0.0l K for the heavy metal compounds. The
0-C-C distances are in good agreement, although it would
appear that the 09-C set for yttrium ethylsulfate has not
refined as well as in the other cases. The temperature fac-
tor for this carbon is a little smaller than for the others.
The differences in position are small enough to be explained
by the combination of an error in the position of the O4-0
set of approximately 0.03 K with an error in the opposite
direction of 0.05 A 1in the position of the 09-C set. This
is about the same size as the standard deviation in the
positions. It should be noted, however, that with this one
exception the bond lengths are self consistent with an ac-
curacy much better than would be required by the standard

deviations.

3. The position of hydrogen bonds

The actual positions of the hydrogen atoms has not, of
course, been determined. The positions of hydrogen bonds
can be deduced in some cases from a knowledge of the inter-
atomic distances of the atoms which could be attached to a
hydrogen. These distances are given in Table 12.

The interpretation of these distances in terms of hydro-

gen bonds 1is obviously not unambiguous. However, if there
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Table 12. Oxygen-oxygen distances

From Number Distance

water To Set of

oxygen atom number distances Er Y Pr

06 Sulfate 05 28 2.85 2.83 2.77°
Oxygen
Water o7 2 2.88 2.91 3.07°
Oxygen
Water 07 2 2.68 2.68 2.76°
Oxygen
07 Sulfate 03 18 2.7 2.76  2.76°

Oxygen
Sulfate 05 18 2.85 2.81 2.83°
Oxygen
Water 06 1 2.88 2.91 3.07°
Oxygen
Water 06 1 2.68 2.68 2.76°
Oxygen
Water o7 2 2.89 2.92 3.04°
Oxygen

80nderlined atoms are thought to be hydrogen bonded.

bThese values are obtalned from estimated parameters.

were hydrogen bonding between the water molecules (sets 06

and 07) it would place the corresponding protons comparative-

ly close to the metal ion and would orient the water dipole

in opposition to the strong electric field between the metal

ion and the sulfate oxygens.

Hydrogen bonding between the
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waters and the sulfate oxygens would place the protons much
closer to the negative oxygens and would align the water
dipoles with the electric field. The second possibility
would seem to be more reasonable provided the oxygen posi-
tions produced the proper oxygen to oxygen dlstances and
the resulting angles were reasonable. It can be seen in
Table 12 that the required sulfate oxygen positions are pres-
ent. The angle formed by the two set 05 oxygens with set 06
water oxygen of 107°39' is quite reasonable. The hydrogen
bond distance of 2.85 1s also reasonable. Hydrogen bonding
in this manner could also explain the loss of D2h symuetry
of the water polyhedron and the longer water to metal ion
distance for the set 06 oxygens. The hydrogen bonds are
slightly long. This would indicate that the set 06 oxygens
are balancing between the metal ion attraction and the hy-
drogen bond contraction. This would tend to rotate the 06
set with respect to the 07 set. This rotation would also
tend to align the water dipole even more in the direction
of the fleld. It i1s this rotation that is responsible for
destroyling the D3h symmetry of the oxygen polyhedron about
the metal ion.

The set 07 water oxygens can form hydrogen bonds to the
set 03 and set 05 sulfate oxygens. The bonds are of unequal
length, 2.74 K and 2.85 Z, and the H-O0-H angle is 94°37',
The water dipole is closely aligned with the electric field.
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This hydrogen bond structure should, consequently, give the
lowest energy.
It should be noted that any reasonable placement of

hydrogen bonds must violate D3h symmetry and produce C3h

symmetry.

L. The Jahn-Teller effect

As was expected from the work of J. H. VanVleck (8)(9),
no Jahn-Teller distortion could be detected in the praseo-
dymium salt. The distortions prcduced must be less than the
experimental errors in the structure determination. Because
of the excellent refinement of the (hkO) data, the threefold
symmetry must be very closely obeyed.

It should be noted that the Jalm-Teller effect is not
to be expected in the yttrium and erbium salts because of
the occurrence of Kramers degeneracy. This is the only type
of degeneracy present and no electric field can split the
Kramers degeneracy. Distortions in such a case do not neces-
sarily lead to lower energy for the molecule. An interesting
derivation of Kramers degeneracy 1s given by J. M. Jauch (26)
which clearly shows Kramers degeneracy to be independent of
the field.
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IV. SUMMARY

A. Computing Methods

A discussion of the various methods of evaluation of
Fourier series was glven. The use of the Fourier series
in obtaining trial structures and in refining trial struc-
tures i1s discussed. These two uses require, for optimum re-
sults, different approaches. The T.D.F. 40-80 program for
the I.B.M. 650 was written to satisfy the first of these
needs and the T.D.F. 80 block program was written to satisfy
the second of these needs.,

A discussion of the least squares method as applied to
refinement of crystal structures is given. A modification
of the Senko-Templeton L.S.II program that will permit the
use of more complex symmetry relationships in computing
structure factors and in refining crystal structures has

been made,

B. Structure Determination

The structures of erbium and yttrium ethylsulfate non-
ahydrate have been determined and refined by a three dimen-
sional least squares method. The refinement produced Rl
values of 0.1016 for the erbium compound end of 0.0808 for

the yttrium compounds for the three dimensional data. The
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structure of the praseodymium compound was determined by a
two dimensional refinement using a least squares method.

The R; value for these data was 0.0951. The two Z parameters
were not refined.

The structures of the rare earth ethylsulfates studied
are isomorphous. The symmetry about the metal ion is C3h.
The water molecules are arranged about the metal ion in a
polyhedron of C3h symmetry. The symmetry of this polyhedron
is approximately D3h'

The possible positions of hydrogen bonds are also dis-

cussed.
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VII. APPENDIX A: T.D.F. 80 B PROGRAM

A. Fourier Series Evaluation for a Lxlhxli Point Block

1. Mathematical method

This program carries out the Fourier synthesis

f%x,y,z) = [F(hki)l cos 2n(hx+ky+fzta)

ngs
}

urBIV\8

Y>o M8

in three dimensions within the unit cell on lattlce poiuts
formed by subdivision of the unit cell at intervals of 1/80th.
The series is evaluated for an arbitrary Lxlxli point block.
F(hk{) is the structure factor and a is the phase angle, ex-
pressed as an integral multiple of 1/80th. The quantity
actually entered into the 650 is a' where a' = n/80 (L000)
and n = 0,1,2,¢.+,79. The first four sections of the program
locate and store the necessary cosines from three cosine
decks located at optimum intervals on the drum. The break-
down of the program into sections 1s indicated in the flow
diagram, Figure 3. BEach cosine deck occupies two full lines
(80 storages) across the drum, with the first line running
from zero to 39/4On and the second from m to 79/L0Or. Cosines
are located by systematically altering the data address of a
"load distributor" order which 1is carried in the upper ac-

cumulator; the varliable instruction address of this order
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refers to a "store distributor" order.

Each block is entered with the point (xo,yo,zo) which
is the "origin point". The program then systematically
raisss these coordinates to (xo,yo+3,zo+3) for the first
plane, after which x  1s ralsed to (xo+1) etec. to compute
four planes of sixteen points each, or a total or sixty-
four points for the block.

The four cosine sections compute the functions

1+

cos 2n( hx + ky + fz t a),
cos 2n(=hx - ky + Lz * a),

cos 2n{ hx - ky + Lz t a),

o

cos 2n(=-hx + ky + £z £ a).

This feature permits greater speed, 1f the crystal possesses
symmetry such that F(hkA{) is the same for two or more of
these permutations; in such cases, the cosines are summed
algebralcally before multiplication, so that fewer lengthy
multiplications need be done.

Section 5 carries out the algebraic summation of cosines
(provision is made for altering the sign of the cosines in
each permutation) and the multiplication by F(hkl) . This
product 1s then added to the partial sum for the previous
reflections and stored. In centrosymmetric cases, F(hk{)
rather than /F(ka)/ can be used.

Section 6 contains the procedure, necessary at the end

of each plane, for raising the x-coordinate for the cosine
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blocks and altering various constants for section 5.

Section 7 1s the routine referred to immediately after
reading a detail card with new F, h, k, £, and a'. It sets
up the initial angles for sections 1=l and initializes the
constants necessary to pass from one point to the next higher
within a line, and from one line to the next higher within
a plane.

Section 8 modifies the orders which pick up cosines in
section 5, inserting an "add lowsr" order if F(hk!) is to
be added in a given permutation, "a subtract lower" if it is
to be subtracted and a "no-op!" if that permutation was not
computed in a given problem. This section functions only
upon reading of a special "modification card" (See "De-
tailed Operating Instructions") which gives the necessary
orders to be entered for the ensuing class of reflections.
Section 8 also inserts the proper signs for a', the phase
angle, in each permutation; the orders for this purpose are
read from a second modification card. This second card is
omitted if a' = O,

Section 9 punches out the sixty-four final sums, on
eight cards, after completion of the program. It is loaded
only at the end of the program because of insufficient drum
space, but the punch routine loads into erasable storage
and does not affect the subsequent use of the main program
for additional blocks. Section 9 must, however, be reloaded

at the end of each new block. Each storage whose contents
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are punched 1s cleared to zero. The routine camputes and

punches plane number and range for each output card.

2. Range and accuracy

This is a fixed-point routine; the output cards contain
six diglts of each final sum with the scale of the results
shifted the same amount as the F(hk{) if a scaling factor 1s
introduced. The indices h and k may have values from =39 to

+39, and { from O to 39. X,» Y,» and z_ run from O to 80.

3. Storage

The block program uses the entire two-thousand words of
drum storage. Of these, about two-hundred are temporary

storages which may be used between reflections.

. Speed

The program computes, on the average, about twenty de-

tail cards per minute.

5. Equipment specifications

The basic I.B.M. 650 is required, with two-~thousand
words of drum storage. No special attachments to the machine

are used.

6. Error checks

Storage 0000 contains an order which stops the machine
if any of the instructions were not loaded onto the drum.

The routine contains no other built-in error checks; however
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the procedure can be checked by running overlapping blocks

if machine errors are suspected.

7. Inpute-output

The format of input and output cards is discussed in
more detall under "Detailed Operating Instructions™. Input
consists of detail cards containing F(hkf), h, k, ¢, a',
speclal load cards specifying origin of block, permutations
to be computed, and signs for IF(hkﬁ)) and phase angles in
the different permutations. These special cards are multiple-
order load cards which are read into 1951-1958. The detail
cards are entered by board wiring and cause the program to
start at the instruction address of the console, which is the
first order of section 7. The detail card format may also
be used for the ILeast Squares II calculation.

Output consists of eight punched cards each of which has
the eight final sums for half of one plane. Plane number and

range are punched in each card, as is the origin of the block,

Xo, yo, Zoc

8. Symmetry provisions

The form of the expression actually calculated is

oo
F(XYZ) = héﬂlF'(hkj)![i’ cos 2n [ hx + ky + 4z ¥ a(nky))
o] ¥ cos 2n[~hx ~ ky +4z % a(hk4)]

“

cos 2n [ hx = ky + fz t a(hks)]
cos 2nf[-hx + ky + Lz a(ﬁklu]

I+
"+
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where F! represents structure factors divided by the proper
factors required to teke into account the differing multi-
plicities of non=-general reflections.

a(hkf) must be an integral multiple of 1/80. If desired
F(hky) instead of |F(hkg)| can be used with no change in the
program in the case of a center of symmetry. The program
handles h and k algebraically. It also calculates any one
or all of the permutetions. If the algebraic form of the ex~
pressions does not change, the + and - index terms may be
computed without modification by actually computing for nega-
tive indices. Modiflcation cards are inserted between groups

of reflections when the form must be cheanged.

B. Detailed Operating Instructions

1. Detall cards

One detail card is punched for each reflection, in the
form hh kk(f ab0O0O 00 0000 0000 00 OOCF FFFF 00 0000 0000
00 0000 a'a'a'a' 00 0000 0000 OO 0000 0000 OO 0000 00cO

’

where a = sign of h, b = sign of k and ¢ = sign of F(hk{).

a' is expressed as n/80 (L4000) where n = 0,1,...,79 and

Bgna . @ = phase angle in radians and 1s so chosen as to

give integral n.

At the beginning of program, the read band contains the
following:
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1951 00 0000 0000 ,
1952 00 OOhh 0000 ,
1953 00 00kk 0000 ,
1954 00 0042 0000 ,
1955 00 FFFF F00O0 |,
1956 00 a'a'a'a! 0000 ,
1957-1960 00 0000 0000 .

2. Speclal information cards

Special information cards are load cards and should have
& Y-punch in the column used to identify locad cards.

a. Switch cards There may be one, two or three of

these cards which tell the program which permutations to com-
pute. They are single-order load cards of form:

69 195L 195§ 00 0000 0000 2l XXXX 806% 00 0000 zzzg
where XXXX is one of the program section 1, 2, or 3 exits.
These exits are 0994, 0284 or 0800 respectively. 22ZZZ is the
address of the next permutation to be computed.

If next desired section is 2 (~hx - ky +X£z + a), then
2227 = 093L.

If next desired section 1s 3 (hx - ky + 2z % a), then
22727 = 0100.

If next desired section is Iy (-hx + ky + £z * a), then

27227 0318.

If next desired section is 5 (Sum. and Mult.), then

272727 = 1301.
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b. Origin card The origin card contains starting co-

ordinates, x_, ¥, z, in units of 1/80th of the unit cell
with instructions for storing them. This card has the form
69 1956 1953.2E 2k 1460 19533[ 69 1957 19531{; 2l 1234 19515{

69 1958 12236{ Yoo 0000 ooxoxz 00 0000 OOYOY:

00 0000 00z Z, -

c. Modification cards The modificetion cards contain

the desired pick-up orders for the summation routine with
orders for storing them, and also pick-up orders for the phase
angle. The operation codes are 15 or 16 except for the first
permutation used, in the first modification card. The codes
used here must be 65 or 66.

Y
The first modification card has the form 00 0000 0079

aa 0027 008§ bb 1027 133§ ce 1077 Ohﬁﬁ dd 0077 073%

00 0000 0000 00 0000 0000 00 0000 0000 , where aa, bb, cc,
and dd are operation codes for the first, second, third and
fourth permutations respectively.

The second modification card controls the sign of the a'
term in the argument of the cosine. This card is used only
when a' is not zero and has the form 00 0000 lh3§

ee 1956 OlBg bb 1956 151§ gg 1956 086% 69 1956 195¥

hh 1956 05i§ 2 0148 806% 00 0000 0000 , where ee, bb,
g8, and hh are operation codes for the first through the

fourth permutations.
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3. Program lcading cards

These cards are placed iIn front of the program deck and
are used to zero the megnetic drum and to load the loading

routine. These cards must be kept in the order below.

Card 1 is
Y Y Y Y Y
69 l95h 1953 00 0000 0000 2h 0000 8000 00 0000 8000
Y Y Y Y

00 0000 0000 00 0000 0000 OO0 0000 0000 0O 0000 0000 .

Card 2 1is
Y Y Y
69 1952 1953 00 0001 0000 24 0001 1954 69 1955 1956
Y Y Y Y
10 0001 8003 2l 0002 1957 61 1958 8003 20 1999 0002 .

Card 3 is
Y Y Y Y Y
69 1954 1953 00 0000 0000 2L 0000 8000 01 0000 8000
Y Y Y Y

00 0000 0000 00 0000 0000 00 0000 0000 00 0000 0000 .

Card L is
Y Y Y Y Y
69 195k 1953 00 0000 0000 24 1082 8000 70 1950 1418
Y Y Y Y

00 0000 000G 00 000G 0000 00 0000 Q000 00 0000 0000 .

Card 5 is
Y Y
69 1954 1953 00 0000 0000 24 1950 8000 69 1952 1951
Y
00 0000 0000 00 0000 0000 00 0000 0000 00 0000 0000 .

Card 6 is
Y Y Y Y Y
69 195k 1953 00 0000 0000 2l 1157 8000 69 1954 1953
Y Y Y

00 0000 0000 0O 0000 0000 0O 0000 0000 0O 0000 0000 .
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Card 7 is
Y Y Y Y Y
69 1954 1953 00 0000 0000 2l 1613 8000 69 1956 1955
Y Y Y Y

00 0000 0000 OO 0000 0000 00 0000 0000 00 0060 0000 .

Card 8 is
Y Y Y Y Y
69 1954 1953 00 0000 0000 2L 188lL 1082 69 1958 1957
Y Y Y Y
00 0000 0000 00 0000 0000 OO0 0000 0000 00 0000 0000 .

The format of the four order load cards is

h4 Y
2h XXX 16&5 X XXX XX 2L XxxX 1695 XX XXX XXX
Y b4

2l XxXxx 17&5 XX X0 XXX 2L Xxxx 0985 X XXX XXX,
where the X's correspond to addresses and orders to be loaded.
A transfer from the four order loading routine is made by
punching the I address of the last store order on the last
card with 8000.

The punching routine is loaded by single order load

cards of the form
h'4

Y Y Y Y Y
69 1954 1953 00 0000 0000 2L XXX 8000 XX XXXX XXXX
Y Y Y Y

00 0000 0000 OO0 0000 0000 00 0000 0000 00 0000 0000

The exit from this loading procedure is accomplished by a
Y Y
load card punched with 00 0000 0009 in the first field.

. Output cards

Two cards are punched for each of four planes. The first
such card, identified by a 1 in. col. 1, contains final sums
for points in the first two lines of the plane. These are

punched in order of increasing 7 coordinate, in the following
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Cols.

2
3,4
5,6
7,8

13-18

19-24

25-30

31-36

37-l2

L3-48

L9-5L

55-60
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Range number (1 or 2, for 1lst, 2nd half-
plane),

Plane number,

T
Z,»
Sum for Xos Jos 249
Sum for x_, ¥, (zo + 1),

Sum for x_, ¥, (z, + 2),

Sum for x_, ¥, (2, + 3),

Sum for x (yo + 1), Z,s

Sum for x (yo + 1), z, + 1,
Sum for x (yo + 1), z, + 2,

Sum for X g (yo + 1), z, + 3.

The second card of each plane has final sums for the

last two lines of the plane aiso arranged with increasing

5. Operating procedure

Console should be set to 70 1951 1418.

and programmed stop switch are set to "stop'". First two

Sense swltches

cards are a drum~clear routine for use with this console set-

ting. They clear the entire drum to minus zeroes before

loading in the four-order program load cards.

Origin card

is placed directly behind the program desk, followed by the



8l

switch cards, then the two modification cards assoclated with
the first class of reflections to be computed. Each new
class of reflections must have these two modification cards
in front of its detail cards. The detail cards go in after
the special cards; they should be sorted on . because con-
siderable time can be saved whenever { does not change be-
tween cards. The punch program is behind the last detail
card. When the block is completed the machine will return

to the console to read new origin card etc., for the next
block. If no additional cards are in the card reader, pro-

gram will stop on M"input-output".

6. Flow diagram, program cards, and wiring diagram

The flow diagram for the T.D.F. 80 B program is given
in Figure 3. The wiring diegram is given in Figure L. The
program cards are listed in Table 13. The quantities listed
are the addresses and the orders. These must be made up into
four-order load cards. The punch routine orders are listed

in Table 1i4. These form single order load cards.
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Section 7. 8000 7019511418

—~Read detail card and initialize——j

point and line constants for
the first plane

l

Section 1. 0428 6007810087 —;
fcos 2n(hx + ky + 2z * a).

J

Switehcard in 099l. —>

!

Section 2. 0934 6003&005&5
cos 2n(~hx = ky + £z I a).

Switchecard in 028Y4.

Section 3. 0100 60006&0669
cos 2n(hx- ky + Pz  a).

Switcheard in 0800. —

|

Section L. 0318 600528008l

cos 2n(-hx + ky +#z t a).

|

Section 5. 1301 650009001 |

Multiplication and formation
of partial sums.

rTest end of block.

Section 6. 1876 150579053,
,Initialize plane and line
constants and raise starting
angles.

—— Section 9.

0009 6514600027
Punch
routine.

|

end.

Section 8.

0079 6001320989

Modify pickup
orders.

Figure 3. Flow diagram for T.D.F. 80 B program



Figure 4. T.D.F. 80 B wiring diagram for the I.B.M. 650
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TABLE

PROGRAM

88

ORDERS FOR

¥ AND o REPRESENT

ADDR ORDER
0001692020027C
00052413591568
0010692020032C
0N166900360581
0020099999999
CG25692035043H
0030110£33003G
00360599993939R
C0401012943800C
00451108920G0D
0058100254800 C
Q05446005703 0H
005810C061800C
Q0636900210320
C0694601221C2E
0073261277143
0078690036043 1
0084460890084A
00882411920%4¢E
0093692002035¢E
0C97161810021F
0103098768334 J
0107100110800C
01121111651961
01180000000000O
0122100075800C
0126692036033
0131240698800C
0136098768834J
0140100093800C
0145111199005D
0151691410156D
01552401590268
0160692020017C
0164160067032H
0170097236992
0174240327043
0179240698800C
018509723699
0189240292069F
0194690003080F
02011G0354134A
02052404090568
0210692020022C

ADDR ORDER
00020399999994G1
00062413591618
0011690021037D
0017101627800C
£022100025800C
0026000482043C
003100808395 7H
CO37460C400C%A
0041100044800C
0046110749125E
00511518051801
00532401090168

060692L20082C
OW $1119260788
0070099691733D
CQT74241277148n
00796001320981
c0B850986%91733D
0089241192024F
0094630QC3005F
0l006000640661
ClOo&44601VT70T1F
£103101868800C
0113690020007C
0119460172092E
0123240377193
01286900360781
0132201217122H
0137460140014A
0141100144800C
01461120649135E
0152097236992n
01562401290518
0161690021147D
0166460440067TH
0171097236992
0175692035013H
018C1112330136

)C)(

o 0186097236992

0190G10014380CC

0196111049140E O

0202095105651F
02062404090618B
021169C021052D

TaDeFs 80 H

X/0 AND Y/0)

ADDR ORDER
0003099999999R
oco7100010800C
00121113150011
Q0186900361831
0023241127073 a
0286500360331
0032200147150n
Q038241342005 K
004369?007065E
Od Awla 1021C

69173230
0709“21*
C021042D
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OO OO

OOO(J(‘)
P~ O Oy A
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00801106831436
0086099691733 M
009010C043800C
0095110099050D
0101100000Q19€E
0lu52412091018
0110692020092C
0116461690149A
0120098768834A
0124240377013x
0129100346800C
01340020000001
0138240242024E
0143692002080E
0148151956031C
0153097236992
0157100160800C
01621101150061
0168100628800C
01721001758380C
01766920361081
0182100892059G
0187460190019A
019110019480CC
197461750135D
02030951056510
0207100210800C
02121101651461

(SYMBOLS

ADDR ORDER
0004460007015H
2008100011800C
C013690020067C
00194600221 72E
0024241127078
0029460482069G
00350999999991
0039241542009F
004456S00Q03065F
0C481616586186A
C053099691733M
2057100060800C
20621113651411
0CH8690947060n
0072101376800C
00764£419290738B
0082004000000m
00B87460090004A
0091100094800C
0096110049130E
0102068768834A
01062412091068
0111690021007D
01176920361831
0121C98768834J
0125692035088H
0130110283118¢G
0135098768834
0139240242029E
0l44690003035F
0150151956086G
0154460157065H
0158100063800C
0163690020107C
01694618221670
0173240327Q38m
01786900360131
0184460122024H
0188240292065A
0193692002020E
02006911061851
02044602070601
0208100161800C
02131613680038



TARLE 13,

ADDR . ORDER

021046187403 7H
02200G5105651F
0224240427058n
0229200884133 1
0234191788030m
0238240442044E
0243692002175E
0247201805031C
02520923879538
0256241009046C
0261690021062D
02664616721170D
02700923879538
0274241027068u
0279211195128D
0286092387953K
0290100243820C
0295110249175D
0301651807096C
03052411050918
031069202¢C037C
03161618240821
C320C8910L8652D
0324240027008n
0329211495148D
0334690020002C
0338241142069E
0344690003025F
03468110401016F
C353085264016M
0558100861800C
0363692035182H
03682004781384
0372100325800C
03766900360881
0382240842100m
0387450390034A
0391101494800C
03296110849165D
0402080901699D
04062413051168
0411690021047D
04181619260238
0422100375800C
0428600781008G

89

CONTINUED

ADDR ORDER

02172400211338
02210951056510
0225692035023H
02301112831486G
0235095105651F
0239240442059F
0244110401026F
0248100016800C
0253092387853K
0257100260800C
02621103151011
026765078B1143H
0271092387953K
0275692035028H
02801118330186
0287460290029A
02911020294800C
0296111249190E
0302089100652D
03062411090968
0311211€951516G
0317000QCQ0050
C32106910U0o5EM
0325692035033H
0330111883183G
0335089100652D
0339241142049E
0345111799015D
0350101%67800C
03552402090318
0360692020042C
0364151817800C
0369460322112C
0373241227083n
0378160082019G
03846516560566F
0388241242074E
03936%2002010E
0397241805118D
0403080901699M
0407100410800C
N4121116150211
0419461273127E
0423241327093n
0429211795168D

ADDRe  ORDER
02182409811231
0222100125800C
0226690035003H
02312005140756G
02360951056510
0240100193800C
0245110299010D
0250460422186D
0254690021027D
0258100211800C
0263690020052C
0268460740069A
0272100225300C
02766520360781
0282110147155n
0288241042059E
0293692002025E
0297241805185H
0303089100652M
0307100310800C
03121107150111
0318600528008D
0326690035083H
03312018011256
0336086100652M
0341100344800C
0346690002020E
035120034C00304
C3562402090368
0361690620082C
0366190726036H
0370085264016D
0374241227048x
0379211645158D
0385085264016D
0389241242004F
0394110401046F
0400690020092C
0404460307000H
0408100111800C
04131601671521
0420080901699D
0424241327098m
0430110383158G

ADDR . CRDER
0219460222137C
0223240427053
0228200581108D
0232200340186mn
0237460240045n
0241100944800C
0246110149145€
¢251016000000m
0255241009076R
02606G2020002C
0264151679191G
0263460272167C
02732410270630
027845183111388B
02850923879538B
0289241042064E
0294690003105F
0200201807166D
03044602570701
0308100261800C
03132001188001
0319460972172D
0323240027003n
0328201983163H
0332690002060E
0337460840079A
03243692002030¢E
03474502000154
(0352085264016D
0357100360800C
03621107651511
03670020C0000n
0371085264016M
0375692035038H
03801103330236
0386085264016M
039010602938G0C
0395111749180D
04010020000C00
C4052413091118
0410692020047C
0416111G260588
0421080901699M
0425692035003H
0431201001096F



TARLE 13,

ADDR o

ORDER

aaaaaaa

C437TL60L4LD0GGG
0441120444800C
044661131149170D
0451201810126D
04552414091218
0460692020142C
04664615581601
047C0760405G6F
0474241427108n
04801107831786G
04874604G0044A
0451100494800C
C496111349130D
¢58307071C678d
¢507100510800C
05121103651311
05194650422024D
0523241077123n
C527690035C63H
05344519381181
0538241092039¢E
0542200489110k
0546111549185¢E
0553064944804Q
0557100560800C
05621104150261
0567241675800C
0571064944804Q
0572692035C08H
0579000001000n
0BB6C64944824Q
0590100493800C
0594690003050F
0598460772191H
0604460507025H
0608151863111G
06121104651611
06184613401948
0622100575800C
06266900360031

0630110823038 C

RANRRR VN S e AV A

06350587785258
0639241292029F
0643692002060E

90

CONTINUED

ADDR ORDER

04341350987059A
0438240042004E
C443692002040E
0L67150401165E
0452076040596F
04562414091268
0461690021067D
0467101173800C
04710760405960
C475692035048H
0482151488069G
0488241442084E
0493692002045E
0497201949160D
0204460407176D
C508100761800C
05131501670638
2520070710678A
0524241077128n
05292018341C5m
I535370710678A
0539241C92019F
UD430652uuZ05VE
05484614730C16
0554460457020H
0556650311196E
0563160367167E
C568110CG21007F
057210085258C00C
05766500380281
05801104831636
05874605G0054A
0591200195199H
0595110599030D
0600241675135F
06052412591468B
0609101962800C
06134611400121
0615460522097C
0623240127018
0627690035018H
0631600878193D
0636058778525K
0640100543800C
0644690003055F

1

ADDR e ORDER

1%

04350305010%%D
0444690003010F
0448100001800C
04530760405950
D457100460800C
04621116651561
04681513751621
0472100425800C
04766900360231
0485076040596F
C489241442014F
0494690003040F
0500064000000
050524105913138
0510692020052C

24469003 UGBF
22581F
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No o)
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[ IETEEN ]
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U
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> O W
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(9]

U

W

—
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=
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U
ja=
C
0
—
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0449115E
87785258
2412591518
0610622020007C
06146G0718147H
06200587785258
06242401270230
0628650003020F
0632151807146D
0637461640104A
0641100594800C
0645110549185D

AN WU U Ut Ut oA WU
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ADDR ORDER
0436080901069%M
0440100343800C
0445110499020D
0450111207061C
0454460357005H
0458100461800C
04631105651661
0469460372162E
04732414271030
047%211945150D
04860760405960
0430100393800C
0495110649120E
N502070710678A
05062410591368
0511690021072D
0518461007160H
0522100475800C

QAL AN

FARA - WA

' )
OEEouuwa7uw2u

0532151639084G
05374605400494A
0541100544800C
Ub454604480050
0552064944804H
0556241159011R

0561690621077D

0566461090127H
0570064944804H
0574241177138
05782002151821
0585064944804H
0589240142044F
0593692002055k
0597211953135F
0603058778525K
06071060610800C
0611000033008D
0616101328800C
0621058778525K
0625692035063H
0629150478015z
0634151956151C
0638241292099%¢E
0642151679089G
0646111649105D



TARLE 13,

ADDRs  ORDER

0647160500121F
0652052249856E
06562400090058
0660692020067C
0664201972162F
0669460572102D
N873241377153n
06776900360081
06816920360481
0687460640064A
0691100694800C
0695110699040D
07C0151953061D
07052414591668
0709100862800C
0713201267122H
0719460622192D
0723241477163n
072900200C0000
07340000159468
N7382414G2199E
0742110401056F
C745111849115D
0751101454800C
07552400591768
0759100013300C
0763200167120n
07686916781871
0772100725800C
0776650379043D
0780110083173G
07874607400748
(G791100744800C
0795690C02C00E
080203C901699D
08062403090468
0810692020082C
08142007811838
0820030901699D
0824240177188n
0828110134055x
083269000303CF
0837460790074A
0841100794800C
- 0845110999055D

91

CONTINUED

ADDR . ORDER

0648461022102C
0653052249856N
0657100510800C
06616900621017D
C6661008781581
Ce70052249856E
06742413771 580
0675100832800C
0682000031993
0688241392099F
06920000180066
0696110349100D
0702345363050
07062414591718
0710692020072C
0714690918013A
072004239%050u
0724241477168n
07301102033043¢C
0735045399050x
07392414G2199F
0743632002070K
CT47211445150A
07520382683438
07562400591818
0760692020077C
Q764201972167F
0769460672177D
0773240077173
07776900360631
0782460107Q75A
0788240C521271
0792110401026H
0796200033079G
0803030901599M
0807100760800C
¢81166C021012D
0816000016986H
08210309C1699M
0825692035078KH
0829460532084G
0834461372177C
0838240192104E
08422016841331
0846161656022H

ADDR & ORDER
06502016561701
06544605570390
05658100661800¢C
06621118650411
0667461990092H
0671052249856N
0675692035068H
0679201742049G
0685052249856E
06892413%2049F
0693692002000E
0697160251160E
07C3045399050%
070710066080¢CC
0711690021082D
0716110729098D
072104539G050%
072569203507 3H
0731201141174D
073604539G050%
0740100643800C
0744630003070F
07482003541306G
0753038268343K
0757600713076H
0761692021137D
0766241729176F
07700382683438
0774240077178
0778110134059H
07850382683438
0789240092054F
0793692002075E
07971508500951
0804461757180H
08081008118¢0C
0812650021137D
0818441576145F
0822100775800C
0826690035043H
0830110733048G
0835030901699D
0839240192064F
0843692002015E
08471618001%900

ADDR ORDER
0651110399095D
0655240009C018B
0659100113800C
0663690020077C
066886900360731
0672100625800C
0676650479043D
06801105831686
0686052249856N
0690100593800C
0694690003060F
0698440951130F
0T704460607040H
0708100711800C
07121118151111
0718441582140F
0722100675800C
0728110134054H
0732101989180F
073746069018%4A
0741101094800C
0745110799045D
0750000068047
07544607C7045H
0758111863051H
07621105150361
07676900360381
0771038268343K
0775692035108H4
0779241675038D
0786038268343K
07%01005693800C
0734690C03075F
0798161922057H
0805240309041B
08091C1163800C
$8136908180171
0819460722152C
0823240177183n
0827690035093H
0831201141199D
08326030901699M
0840100743800C
0844690003015F
0848200354095H



TABLE 134

ADDR . ORDER

085000C001000A
03854460807173H
08581C0361800C
0862690021002D
0867460642089G
0871023344536M
0875692036083 1
0879211345138D
0885023344536D
0889240342039¢E
08936920C2C85E
0897691100111F
0903015543446N
G907100860800C
0911690020012C
N916000515051G
0920015643446E
0924240227033
$9281C1682800C
0932460557158H
093746094C089A
0941100894800C
09451101992065D
0950151954C81C
0954460907Q075H
C958650961196E
09621106651711
0967151679006H
058710078459090
0975692035083H
0978101132800C
09850078435909F
0989151952800C
0992692002095E
0598461251105E
1004461007086F
1007101260800C
10121102150511
101740000C000n1
10210C0000C00D
1025101378800C
1031109330586
1035000000000n
1039100542004H
1044690002085¢E

92

CONTINUED

ADDRe ORDER
0851121C05800C
085524025%1918
0859101063800C
N863150118197C
08686902250388
0872100825800C
0876690035058H
08801119831931
03886023344536M
0389012035793800C
Q89469CC03085F
08981104010666
090446C857070H
0590810091180CC
09121106150461
0G17191972165¢C
0921015643446N
092510017880CC
059292406341731
0934¢€00340054E
0928240392090n
0642200499110F
394630C01T70016
0951101256036D
095524045G6171D
0659200C83079H
096316016700621
C968241675135F
0972100276800C
0976241563021H
0980110883153G
098600784530%0
0990101042800C
0995111299070D
10001519550710
1005000031948no
1008101011800C
1013110816800C
1018241150170F
1022100875800C
1026690035088H
1031201141194D
1036000000000
1040100943800C
1045111699090D

ADDR, ORDER

0852023344536D
0856240259186B
0860692020087C
08642019721 72F
0869460772072H
0873240277113
08776900360681
0881690035048H
0887456099003%A
0891100844800C
08$5111099060D
0900111899110D
09052403550718
0909101813890C
0913690020002C
0918441631160F
0922100875800C
092669003501 3H
0930110833053G
09350156434456F
0939240392074F
0943692002090E
09472005281534
0952007845909F
0956240459121D
0960692020012C
0964201972CT7TF
0969460872112D
0972101028800C
0976241563C21H
0G8246090715681
0¢87000000000m
0991101828800C
0996111399075D
1002000000000Cn
1005000031948n
1010151863171G
1014461067041H
1019460922122D
1023100326800C
10285900360481
1032240987118D
10374661790094A
1041101044800C
1046111450155€E

ADDR & ORDER
0853023344536M
0857100810800C
0861692021007D
N8661119260988R
0870023344536D
08742402771180
087800000000CC
0882461408191a
0888240342034E
0892099691733D
08961604011356
0OC20156434468
09062403590668
€ol0652Cc21082D
09144560240016H
0919460822107D
09232402270280
0G27690035078H
$921201141185D
0936015643446N
0940100843800C
08446900C2050E
0948200354185G
09530078459090
09571009460800C
09612113951316G
09666913821171
0270007845909F
0974101777800C
09776900361081
09844615071781
0988160946085A
0992240698800
0997110401011F
1003C00000000m
10061619630466G
1011620020032C
1016101128800C
1020000C00000m
1024100577800C
1029692003190F
1034692035023H
1038161441114F
1043692003015F
1047211295140A



TABLE 13

ADDRo ORDER

10482C0354055H
1053007845309F
1057101816800C
10621102651761
10671519260238
1071007845906F
1075650002095k
10801109831886G
108746104009%A
109110114480CC
1096110551187H
1100200064176G
1104460957080H
1108651161166F
1113200014122H
1119461222102E
112310057680CC
1128690003190F
1134151138004G
1138000033088C
114516194%155D
115015195601¢€8
1124486105709CH
1160692021092D
1164201972067F
1170023344536M
1174101877800C
1179240842196D
1184650340114E
1189691642029G
1200601954161D
1204221657136
1208101211800C
1213690020047C
1219461473077H
1223100626800C
12281000311938
1235030901699M
12392405471888
1244690002005E&
12530382683438
12576011131866G
12621109651861
12694612720970D
1273101526800C

93

CONTINUED

ADDR.  ORDER
1050601413086H
1054460657085H
1058101061800C
1063690020022C
1068201999110F
1072101125800C
1076690035023H
1084151138174C
10882415920800
1093692003085F
1097211745170A
11011509160521
1105161908151D
11106920210620
1114190317152H

1120015643446N

11241Q00128800C
11303111733108G
1135015643446N
1140101193800C
1145110750800C
11211004118G0C
1155456120800651
11612118451616G
1166000482043C
1171023344536D
1175692035093H
1180111783128¢G
1185023344536M
1190101243800C
1201690C21037D
12054613080901
12106920210170
12141110811881
1220030901699M
1224110134054H
1229240987135m
1236030901699D
1240101493800C
1250191810076C
1254690021087D
1258100913800C
1263690020142C
1270038268343K
1274101927800C

ADDR ORDER

1051691656076F
1055150367123A
1060692021¢32D
1064201972052F
1069461072132D
10732404770288
1078692002190F
10850078459C90
1039241592080
10946300063C00F
109816040117CE
1102015643446N
11060000010000
1111890020017C
1116241675135F
1121015643446F
1125692035018H
1131201141184D
1136015643446E
1143692003090F
1147211895180A
1152023344536M
1156601460036F
11621108651811
1167099691733M
11721014756800C
1176110729018D
1181240842070n
118602334453€D
1193692003020F
120203C901699M
1206150611101C
1211692021022D
1216461660126F
1221030901699D
1225692036043 1
12301110330686G
1237461090078
1241101294800C
1251150367123A
12554613580801
1260692021087D
1264651167162H
12710382683438
1275100827800C

ADDR ORDER
1052007845%030
1056240509099D
1061650020062C
1066101079800C
10700078459090
1074100977800C
1079690002190F
10860078459C9F
1090101993800C
1095004000000n
1099692035053H
1103015643446E
1107000003000n
11121108150561
1117200781188H
1122101326800C
1126690035028H
1132200099110E
11374619%0169A
1144690002070E
1148200354110H
1153023344536D
1158101111800C
1163690020042C
1169450072152D
11730000340038
1178200987024G
1182651538084F
1187461340089H
1194690002090E
1203030901699D
1207002000000
12121109150611
1218200183190n
1222101175800C
1226241788800n
1231150334079F
1238151941800C
1243692003070F
1252038268343K
12562017171221
1261692021002D
12661618250021
1272100176800C
12766920360081



TABLE 13,

ADDR ORDER

1278100332800C
1285038268343K
1289350001064G
1294650002035E
13044616580751
1308101361800C
1313064C00000n
13194610220862H
1323101126800C
1328690036083 1
1332690942175F
1338110842069H
1350241805118D
13554614581501
13606015630916G
1364240150195E
137005224G6856N
1374240477088n
13791511660434
1385052249856N
13894605921991
1394600547020A
140641517071686A
140810146180CC
1413200417122H
1420058778525K
1424100627800C
142915G026033A
1435058778525K
1440101393800C
1452064944804Q
1456651954110A
14621112150811
14682005141221
1472101425800C
14766920360181
1481200528042H
1487461440124A
1491101544800C
1502070710678J
150646175%9176m
15101903171381
1514111968800C
1520070710678J
1524101577800C

oL

CONTINUED

ADDR o ORDER
1275111599085D
12860382683438
1290101143800C
1300240021168H
1305461408041F
1310100163800C
1314691017161H
1320045399050%
1324101728800C
1329000C00995A
1335045399050%
1340101593800C
1352052249856N
13563000011310
1361692C21037D
1366150850121H
137105224G6856E
1375000033003 C
138011118319EG
1386052249856E
13¢0101343800C
14001001178C0C
14054615058155]
14300000C2000m
1414161926148A
14210587785258
14256920360381
1430110133078G
14360587785258
14410000190011
1453064944804H
1457101110800C
1463690020072C
146G9461372117F
1473101426800C
1478240698800C
1482000500050
14880320000000
1493692003105F
1503070710678A
1507101160800C
1511692021147D
1516151810056D
1521070710678A
15256920360231

ADDR ORDER

1280111083193G
12874561290184A
1291101344800C
1302045399050%
13064651G521421
13112115451416
131€200149161F
1321045359¢50m
132569203&0131
1330111133Q0736G
1336045399050n
1343692003005F
1353052249856%
13572000640256G
13621110650161
1368000016076F
1372121976800C
13766920360681
1381601234125m
1387461590179A
1391101444800C
1402058778525K
14066519531556F
1£11692021042D
1418601952151nm
1422101325800C
14266920360731
14311601341481
1437461390199A
1443692003080F
1454690021092D
1458101511800C
1484460967006H
1470064944804Q
14742415%27028D
1479000016001F
1485064644804Q
1489461792089F
1494690002015€
1504661107086C
1508101561800C
15121112651161
15182009171221
1522101525800C
1526692036009531

ADDR ORDER
12811617420446G
1288461992150E
1293692003000F
1503045399050n
1307651610196E
13121120150711
1318200065042H
13221€1225800C
13266920360631
1331691068177H
13374611901094
1344690002080E
1354161207140D
1258101411800C
1363690020057C
13694611721420
1373100376800C
12786900360931
1382201684133
1388221341139D
1393692003035F
14030587785258
1407101060800C
14121111150761
1419461322172C
1423241527028D
14282004811331
1432691952101H
1438151742109H
1444630002175E
1455461558051F
1461692021047D
14662017671221
1471064944804H
1475150478115nm
14801101831236
1456064944804H
1490101443800C
15006908140771
1505100018800C
1509101263800C
1513460264191G
1519461422182C
1523100877800C
1578691581130



TABLE 13

ADDR o ORDER

1529160478063D
1535070710678
1540101543800C
15446G00C2030€
1554151207101D
1558101611800C
15642401181784
1571076Q040C596F
1576101466036D
15812018150561
1587461140167G
1591101644800C
1602080901699M
16066519551371
1610211245121G
16161614791538
1621080901699D
1625100028800C
16291107348C0C
1635080901699M
1639008000000
1643692003030F
1653085264C18D
1659108663800C
1663690035183H
1670085264016M
1674101727800C
16782017341331
1682690003095F
16884618420454
1692000001000 m
1702089100652M
17066919530521
1710002000000m
1714110581128H
1720089100652M
1724100927800C
17286900360181
17322GC2651778
1738100561800C
1743201450016D
17530923879538
1757100710800C
1761692021077D
1766200021133A

95

CONTINUED

ADDR a ORDER
1530111233083G
1536070710678A
1541101594800C
1550461911101F
15554601081771
1559100263800C
15661613291638
15721015758C0C
1577690035068H4
15821014680360
15881012018G60C
1593692003095F
1603080901699D
1607101261800C
1611692021057D
16182200270438
1622100126800C
1626650275043D
163011143303536G
1636080901€99D
1640101093800C
1644690002C4CE
16544614U710UH
1660151313126F
1664150167147E
1671085264014D
16752C078118638
1679960000000
16850852640156M
1685101254800C
1693692C0301CF
170308%100652D
1707630035003H
1711692021072D
17160000190061
1721089100652D
1725100078800C
17290020000000
1735GC891C00652M
1739691954136D
1744651047005A
1754461507006F
1758151961031F
17621115150961
1767660478014H

ADDR ORDER
1531691955097F
1537461540159A
1542000018041H
15520760405960
1556151482023A
1561692021052D
1569461472187C
1573200727173A
1578100881800C
1589168002170n
1594690002010E
1604601953111D
1608101811800C
16121100651211
1619461522192C
1623100226800C
1627690035073H
1631101518036D
1637461240139A
1641101694800C
16502010811130
1655461010141D
1661691814021G
1566150850131F
1672101775800C
1676650879043D
1680111483133G
16860852640160D
1690101643800C
1694690002045EF
1704461457105H
1708101761800C
17121114651261
1717200528042H
1722101875800C
1726650325043D
1730111533093G
17360891C0652D
17640101693800C
1750151207140D

1755240509089

1759101711800C
1763200049156F
1768161729178B

ADDR ORDER
1532200133136F
1538692002095¢E
1543692003040F
1553076040596F
1557101210800C
15621100150861
15700760405960
15756920360281
1580111383138G
1586076040596F
1580101293800C
1600101029800C
1605461758031F
1609101363800C
1614190317065
1620080901699
1624200069171C
16282019521 15F
1632200199166F
1638161542165n
16420000C03000n
1652085264016M
1658101914800C
16621114150911
1669461572132C
1673100476800C
1677111207091D
1681200015185A
1687460350196F
1691111207061H
17001980010096G
17054606081901
1709608002023D
1713150850176C
1719461622127D
1723100826800C
1727690035008H
1731691784136H
1737461690034H
1741101794800C
1752092387953K
1756241933097H
1760101463800C
17641119260888
1769461672188A



TARLE 12,

ADDR o ORDER

1770092387953K
1774100777800C
177910¢812800C
1784100000072G
1789100400800C
1793692003045F
1803095105651F
1808100511800C
13813690020037C
1818150726143A
1822101276800C
1826690002025¢E
1971099691733D
1985099691733 M
1989000000000A
1897211595160A
18301116332103G
1836095105651F
1840101793800C
18446511470C05A
18530972369%2u
18582401181038
1862111763513¢1
18686920201C07C
1872221975192H
1876150579053D
18801116830636G
1886C97236592n
1890101843800C
1894651997005A
1903098768834A
1907151710167E
1911101078800C
1917690351096H
1921098768834
1925110729083D
1929101933123H
1933201999110F
193746189C0244
1941000033008C
1652099691733M
1963000015001k
1967692003025F
1993692003060F

96

CONTIMUED

ADDR CRDER

1771032387653R
17756920360381
1780111583088G
1785092387953K
1790100893800C
1794690002055E
1804461557115H
1809201913191F
18142003150561
1819461722162C
1823100326800C
1827100681800C
187345187611 7H
1986099691733D
1990100993800C
1598690101120D
1831651852105A
1837461450129A
1841101164800C
1850440951130F
1854461607125H
18592401181221
186303520380000m
1869461827157H
1873101G62680¢0C
1877690035038H
1881110134025%
1887461840164A
1829110064480CC
19C00161716168A
1904461907056C
1908000015001E
19121117151061

1318100668800C -

18220000189911
1926002000000
19301102331136
1934191656151F
1938151692034G
1942101075800C
1953099691733D
19646918500998
19680000660116G
1994650747005A

ADDR 4 ORDER
1772150682162D
1777690035108H
1781240987039G
17860923879538B
1791100795800C
1800004000000
1805000000000
1811650026087C
1816652021012D
18200951056510
18240080000001
18286%0003090F
18741005273800C
196874619401 74A
1991101244800C
1969200726067 1
1832&51807041C
1838240492104F
18421510850454
1851150850131H
18554617081651
1860650064181H
1864100767800C
1870097236992
1874150134140D
1878460508131
1882651656176H
1888650528128A
1892089G99999R
1901101663800C
19054603580651
16091618631116G
1914652021067D
1919100000191C
1923101076800C
1927690035033H
1931651034103 1
1935098768834
1939461600106F
1943692002005E
1961016000000m
1965150118157C
1969461122197D
1695111499080D

ADDR ORDER
1773100876800C
1778241933063A
1782451931150n
1787461740154A
17921504011356
18020951056510
1806161815027H
18121115650311
1817000085008C
1821095105651F
18280320000C0n0
18291508501738
189766920360581
1688191141197E
1962100363800C
1996111449150F
18350951056510
1839240492109F
1843692003050F
1852097236992%
1857651311196E
1861690814056G
1867691428118A
1871097236992
1875692036003
1879240842095n
1885097236992%
1889461400190A
1893692003055F
1902098768834J
190624055%130A
1610101213800C
19166919191878B
1920098768834J
1924100677800C
1928600981198H
1932160692800C
1936098768834A
1940101893800C
1944651097005A
1962690021022D
1966101826800C
1970099691733M
1996111449150F



TABLE 14

97

PROGRAM ORDERS FOR TeDeFu

% AND m REPRESENT X/0 AND Y/O)

ADDR. ORDER

00096514600026G
0127151788014R
00771000928008
02422202770298
03274403420351
0409000050000n
05596910091026
105397119771076G
11274403421151
1192001440001
1259151192127G
13594513771398
14276914421451

ADDR ORDER
00273500030048
01422019850201
00922419770198
0292691017027G
03421003770398
0359101989042¢C
10068000000080
10771504091098
11422403278008
12096912271248
12777119771298
13771513421401
1442440342035]

ADDR 4 CRDER
00421512340101
0209650059C076G
01926502270248
0259110309032G
0377241985019C
04271604420551
1027221%861048
10921000921101
1159101989147G
1227900000008m
12921613091351
1342661159800C
14552403278008

8C B8 PUNCH

(SYMBOLS

ADDR o ORDER
01093500030126
0059691195800C
02272400000251
0309241984019C
03921504098008
0442001544000x
10421504421051
11096911271148B
14771611921201
12422219861251
1309691948800C
14C9100092142C
1392701951141H



VIII.

A.

1.
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of 1/L0 or 1/80 of the Unit Cell

Function to be evaluated

The three dimensional Fourier

density is evaluated in the form

+ 00

/o(xy'Z) =

2=0

b
[

where

“?

W W W
W o p? u?

o
=

i

+ 0o

2
k=

<4
B M

0

A' (hkX)
-A*(hkr)
-A' (hk{)
-A" (hkR)
-B'(hkyp)

B!'(hk))

B'(hky)
B'(hk{)

oo

0

[ 4 (nke)
+A2(hk})
+A3(th)
+Ah(hk£)
+B4 (hik/)
+Bz(hk1)
+B4 (hkf)
+Bh(hkf)

+ A' (EkA)

A' (hip)

+ A'(hic4)
+ A'(hic?)
- B'(hk#)
+ B! (HEX)

B¥(hkr)
B'(hk))

APPENDIX B: T.D.F. 40-80 PROGRAM FOR I.B.M. 650

Fourler Series Evaluation on a Grid Spacing

series for the electron

2nhx
2nhx

cos
sin
2nhx
2nhx
2nhx
2nhx
2nhx
2nhx

sin
cos
sin
cos
cos

sin

+ A'(hk?)
+ A'(hk?p)
- A'(hkf)
+ A'(nkt)
+ B'(hk{)
+ B' (hk /)
- B'(hk{)
+ B'(hk{)

cos 2nky cos 2z
sin 2nky cos 2ndz
cos 2nky sin 2nfz
sin 2xky sin 2nl2
sin 2nky sin 21z
cos 2nky sin 2nlz
sin 2nky cos 2nfz
cos 2nky cos 2ﬁ(4
+ A'(BkJ)
+ A'(Bk0)
+ A'(hkd)
- A" (hid)
+ B! (hkJt)
+ B'(hkJ)
+ B'(hk.0)
- B! (hxJ)
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and where A' and B! refer to the real and imeginary parts of
the structure factor, multiplied by the appropriate multi-

plicity factor. For general structure factors, the factor is

%. For structure factors having n zero indices, the factor
l-n
is 7 . The special reflections are best handled by leav=-

ing out the required proportion of the coefficients.

The evaluation is carried out by successive one dimen-
sional summations. The function is evaluated at intervals
of either 1/80 or 1/L40 of the unit cell. Two dimensional
projections can be calculated by stopping after two summa-

tions.

2. Method of evaluation

The function is evaluated only over x = 0,1/L, v = 0,1/k
and z = 0,1/L. The remainder of the cell is obtained by
tabular expansion.

Trigonometric decks containing cos 2ahx and sin 2nhx
for h = 1,2,¢+.,39 and x = 1/80, 2/80,...,19/80 (or, for the
1/L0 case, x = 1/L40,2/L0,+..,10/140) are loaded onto the drum.
The program forms the products and sums required for a one
dimensional surmation. The results may be punched in a for-
mat suitable for another summation or they may be punched in
a format suitable for tabulation. If another summation is
not required the results are punched out with 11 points per
card. In the 1/80 case, two ranges are required. The first
range contains the points 0/80,1/80,+..,10/80. The second
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range contains the points 11/80,...,20/80. It should be
noted that the h,k and £ designations of the card fields are
arbitrary but that the resultant x,y,z designations are de-
fined in terms of the h,k, [l designations. It may be more
efficient to change the h,k,f designations in a particular
problem.

Since the calculation is to be made with fixed decimal
point, it may be necessary to use a scaling factor for the
initlial data. The coefficients are read onto the drum as
XXXX+.XX0000. They are multiplied by 6 figure sin and cos
(a8 +xxxXXX0000). The upper accumulator is then stored.

The last L digits of the product are carried during the summa-
tion but are dropped just before the punching operation.

This leaves a maximum of 6 digits to be fed back for the next
sum. The decimal point in the cards for tsbulation is
XXXXeXX. The extreme left hand digit should be 0. It is
carried primarily as an overflow indication. The tabulator

prints only XXX.XX.

3. Method of expansion

The expansion to the remainder of the unit cell is car-
ried out on a Type 402 tabulator. The tabulation is based
on the fact that :gg:}aﬁ(hx + ﬁg) may be evaluated in terms
of the values obtained in the first 1/l x 1/l x 1/l block
of the unit cell. This is shown in Table 15.
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Table 15. Transformation of cos and sin by n/k

n h even h odd h even h odd

0 cos 2ihx cos Z2nhx sin 2nhx sin 2nhx

1 cos 2xhx'?® ~cos 2nhx*® -3in 2xhx'2 sin 2xhx!'®
2 cos 2nhx -c08 2nhx sin 2uhx =gin 2nhx

3 cos 2qhx'® cos 2xhx'® -gin 2xhx'?® -gin 2xhx!'®

8%ote that x' = 1/l - x.

This expansion requires that the series be broken up
into subseries during the I.B.M. 650 calculation. All terms
of a given subseries must transform in the same way under a
coordinate translation of n/li in each direction (n = integer).
In general the subseries must contain only terms having the
same form of the trigonometric part and having the same even-
ness or oddness of each index. There sre 6l possible sub-
series which can occur. If a completely general expansion
is not required, it may be possible to combine certain sub-
series that transform similarly under the translations that
are to be used. For a two dimensional summation, the maximum
number of possible subseries is 8.

In order to generate these subseries, the detail cards

must be scrted into subseries groups before a summation is
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carried out. They must also be sorted, within subseries
groups, on the indlices not being summed over.

Consequently, by changing the signs of the various sub=-
series in the manner shown above, the summation on the 402
can generate the remaining 3/l cycle in each direction from
the results of the first 1/l cycle. Note that, when n =
2m+ 1, the transformation x' = 1/l - x requires that the x'
coordinate represent the lattice point. This means that the
tabulated coordinates (from Q_to 1/l4) must be translated and
read in reverse.

The wiring changes required for the various blocks of
the unit cell can be made by hand. However, in a full ca-
pacity Type 402, the various translations may be obtained by
three, externally mounted, lLplit rotary switches. The desired
translations are then dialed on the switches. In conjunction
with I} pilot selectors, each switch determines the proper
sign of one of the 3 factors that form the subseries. These
3 signs are then multiplied by the coselectors and used to
control the counters for algebraic addition or subtraction.
If it is desired, it can be so arranged that a heading card
prints a code that designates the required switch setting and
also tests the switch settings by printing, in the same code,
the actual switch settings. The use of the heading card was
found to be inconvenient in practice and no errors have re=-

sulted from not using this procedure.
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L. Plow dlagram, wiring information, and speed

The flow diagram for the T.D.F. j0-80 program is given
in Figure 5. Zero indices are treated in a special manner
in order to speed up the card reading rate.

The wiring diagrams for the I.B.M. 650 and 02 are given
in Figures 6 and 7 respectively. The I.B.M. 650 wiring board
uses storage entry C for input of detail cards, storage exit
A for output of single coefficient cards, and storage exit C
for output of multiple coefficlent cards.

The detail cards will be read at a rate of approximately
100 cards per minute and the oubtput cards will be punched
at the maximum rate of 100 cards per minute. The internal

calculations themselves require a negligible amount of time.
B. Operating Instructions

l. Card formats

The formats of the input detail cards at the various
stages of the calculation are given in Table 16.
The formats of the multiple coefficient output cards at

the various stages of the calculation are given in Table 17.



1ok

- RD
sin detail card
yes
test for test for
sin or cos change in yes
non~summed
cos indices
no
A%
initialize test for
zero summed _
index
N
evaluéte test for sin,
£ A(cos) cos, even, odd

Tor all points i
initialize for
special points
(x=0, x=1/l)

|

svaluate
cos
2 Agsin
for special pts.

initialize
for general
points

evaluate

5 A{gin

for general pts.

Figure 5.

punch 11 pts./card
(last sum)

punch
1 point/card

L
£

zZero work
cells

l

modify
index
test

Flow diagram for T.D.F. 110-80



Figure 6. I.B.M. 0 plug board diagram for the
T.D.F. )4 -80 program
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Figure 7. I.BR.M, L02 plug board diagram for the



108

! s FIRST READING momey 1§ b ! r 25 J e FIRST READIN G emm———————
B T I S R < . R i A I =Y <SR > S T < .
4 5 70 s
ke < < - < < N < < < < ~ N 8 bl 2 < < O oy = < 2 s < < < T
. § e e TRAVSFE& ZO-‘EE TRANSFER ZONE ENTRY — —ore
N > < . < < C < < < T < i o il < B < < ol
! zom szvscno~ 3% r 20 —— 24 CO SELECTORS ommmmmrecrmm—
. s < < W = < D < Il .—Ff—-—'—'——‘.—rﬂ » > <9 Ls ad
Tl I ver (ine zoNE EnTRY — 20 —— 24 9y i 1o 8 8
> 2 ¢ & I £ : & T & I & ¢ 2 & ¢ ot oes 2 ¢ oz £ o o ,N.,__,_,_,_%_. ———o0 Ot
. 5 TSY LINE FReNT ENTRY 20 - 24 g i 7 i
¢ 0 ¢ S T.o¢. 2 & T Y & Dt & & & ¢©c T © ¢ ¢ o < g—c—o—o——o——'ﬁ—r o M -
5 IND LINE ZONE ENTRY 20 ———24 H comvuwcvsmn-——
R R < T B R [T AT R« N < < S < T S A <] 2 ¢ e—-—,—g—: s o & 2 o ¢
5 "ND UhE PRINT iu RY 20 —24 LOM?AFZING EXIT
s < < < < < < - 3 C < < & Q < o] < fos < 2 < M o) e}
S S — ‘;m m\t zo NE & PRINT ENTRY 20 —d \W\\\ ‘\\\r\\~\\\\
< - o < < < . < = < z < < < Q < c < el [+ < ! e} [«
e e § e - PRINT SELECTION =x|1-——~—— ——— s 228 N mos e COMPARING ENTRY
< b < < < < < < < ] < < < < < o G < s} o} i < o l-—',——';'—ﬂ el < o] o o o o < < el
- S TRANSFER ALFHAMERICAL PRINT ENTRY 70 25 TRANSFER ALPHAMERICAL PRINT ENTRY
< < 4 < > o > < < < < < < < < [ < =} < Le] < N X el ol o c o} kol el ol < el z < < < < <
s NCHEMAL IONE ENIRY 70 25 NORMAL ZONE ENTR Y asmomcne
- < < < o} < < < < < ) < ¢ = < =] el =3 < 5] < < t =) fa) < [« c < o < < -
5 SECOND READING — 1§ 2 s 10~ SECOND READING R
POl < L) L < L . < < < < < < =] < o ] - M =] c c . < o < N o] < S =3 < < *
[2) s 13D &l 3> 55 L ¥4 55 % P S 7s 2¢
= < < L) < < < < \d o =} o’ < RJ < < 2 c o) 30 N o > o Fe) < » < Q < < < S z o < <
— b e B PRRD READING ——m 15 —£1 20 e ‘ 25 A 30— THIRD READING =
Gy < o < < < c < < c < < < bol < < < < < [s] ol (=} (o} fe] o] ol [o3 Q < [e) fod < < o) c -
s 15 50 55 60 85 70 75
s <z < ol < o] < c < c < < o < < el < < < c < o) 14 fad o] el & ol S0 >l QT < o] (=) < o] ol
"NORMAL ALPHAMERICAL PRINT zmm—-————»—mzom-—w - -_s NORMAL ALPHAMERICAL PRINT ENTRY
.4 Lg = [ - ¢ L) [+ >0 ———0—0 ol < Q L) Q—f—,.t—‘ < Ad < "——0—‘—1‘——0——0 < L] o}
.-ih———»——'—'-—-—s-—m—i*—wummcu SN R A T ! 5 25t 0 NUMERICAL PRINT mrk‘r"3~~—
9 1 e—b—e I & P—pe—t—8 O O 9 e O I R ¢ 9, t—4—o—¢ C e
L i £2.COUNTER EXIT b g £3 22 N Y A & 23 coﬁmzk . S
IR AR TR oo RERPADE = SR ET??IT ”"'T s
f2a: 28t : ; I §168 < b T4 i ! [
R L LS LN B B £6lar] i Jul l IF1i e Lild 1o "SJ ‘ 88 s
R [ - r 2 g N T LR IR
Y o ey i A S S T PP i - |
frci 2oiT ) D Tecise: 1 aolu f" < | ! «C ] 1 I 8C 7! !I 1 I 8D
O A I A AP 1 1o :‘ \"":I LSS ‘m NSO U 1 B SRV S (L O ST O N A
‘ CO.SILECTORS ! - CO SELECTORS
—t °> 44-&->'—~1——'——.——~q5—-.——'—1—'—g—“—-g7¢_..;,/ L a2 >0l oo :|o——¢-—7.~—
3 2 3 i ‘ | s t s 7 i 8
> -—o——4 >~ —— - 3N et . P A
> ; (3 ] } 5 | &
; PP -~ ; - e = 2 o
¥ ¢ !
: 2 2 cHunter enTRY
- 2 5 A
- 7! \oun 4 L gl < H
ST T R T TR BT
4 R Y R O - T O A A
S5 Sk son AU s sve pun um s TP S 0 s R IS p e T A Tl TTT 11 el T
! 63 & [ 6 » 4 N d
i e LS TS U S B (S L S S (1 i l 1¢8 ce | ard [6758<] L[t
Lo 2 2 [ A 2,8 2 2 i & ¢ & ¢ 2 oo o Ly et
THIRD READING =15 20 25 30=—— THIRD READING
o < < =} < < < < < L4 2 4 = - -3 "o 0—.—‘—0—. > —2
50 ss 57 66 65 59 7060 &1 55
+ — —a » - 133 8 t—o0—0—o & — . -
632 £ 143 6¢ (%4 63 3] 76
*
SG
H MHH
i




SO — o DIGIT SELECTORS co M:mnﬂofwcm
ot ! A ~ o ¢ “
Soal LTI D FRIT
cre ;| 8 _ [
g3 | peo& 7
Q_U_, q __,, M N
R N Fc 3
i e MLP C e —
CNC | & c o ile Pole o Eoc e, 3 ¢ 0 @ o ¢ i
w ' mcmlm.lw_ oL N out] oL v ar 26 27 Sada 56 51 5 2 o.uc :f
o - >~— arn,nommmozwumwNoomoooooooooooooowoWoM
CMPABINGTENTRY ; SR 2 soNOuTf Ry AND COUPLING EXIT 32 36 {3y |
v oo
< ¢ L ¢ ¢ ¢ ¢ o2 2 T T I C ol o> Sgo T gs_,c & T o & O ¢ 2 ¢ © & £ O T
CONMPARING EXIT : 9 170, ,iminourf e . NG SN Y Y SO
QURU AR & ] ] e mi@ T ST s fovene o e9 egme apo oo °© o0 oTfu
/// /,//,////,/L/, , S-HEADR-SINGLE CARD . s
¢ L T T T & T T v o ox ISEE > Owouozowlluolcﬂéoﬂolooozn,
[OMPARING ENTRY I H “
e = 2 & ¢ ¢ C ¢ o0 2 ¢ 0\ i Coq
ALPHAMERICAL PRINT ENTRY s 4O swecsercn 4 Jog D I :
e T ¢ ¢ © o o ¢ ¢ x [
vmz;_. Nozm mz:: o0 s
< ¢oL T 0 t Lo F
mMnozo »T,o_zm e 0 [3) - e
S T~ . JU - ;M Ve <
5 7s 28 4o el
S - B S T L ~ D-m
THIRD READING ~—mm——— o 4 Q 8y
c @ o o © ¢ & ¢ ¢ c 232 ¢ eVYag . s
75 80 1> T T
c ¢ T © ¢ ¢ = ¢ < P 240 ¢ T ’ *
APHAMERICAL Z_z_, mr:: —-40
le.l.Ii]i %u o) *I:OImw’l\IA i O lwisc fo) fol " 2 w w > ’ b w » - w w .
; It -
AERICAL RINT szn 0 " e A 1 =24 oo v 26 20
-cd mimn S:lljznz s1o% 45, m - 3 4 b—PLUs sy  OUNTER CONTROL
i ﬁ w.v R s cnq,,m» ©3° Oy 2§ &% e T &l 2 a7 47 s
3; 8e mfz,nor,n:.x_ . S = 2% 8] a] al e Al ._ p
S g 7T 83 ’ cgemaxazerole ¢
22 5r%a iy v ,
S ST 4 < u sycoafaove iy L% 7
R e EEERE
e &t 8 sheox . v alccEc cwe ofe
TORS z no2pb-—— >zm:»>20muxn:2 PLUS ~ oo sy
= T | e——e—e—Fe | —O>—0— w e ¢ cfe cle o o <] c s o o 2o T
| Qm Py —— ;>zm2n >zo.m 4 xn;r »:zf_mx;lzllﬁl,i.i
o e pr—rres | oo X o_ooooooo,ooo.OOOOCn_
! » e e } ) et = COUNTER EXIT SUPPRESSION o——mrm -
> ol e ed | ——— e Lo K ' : ' ~
. 5 - N quoo.%mmuwooﬁ.mﬂmh
ENTRY LS TNON : el alsf aloeial sl clolciolclof ¢l ol
e ) . 8L A RS 4 s P4 S8 s Y4
gxise) P - soact thRCi= §P mg Wi NEGATIVE BALANCE TEST EXiT oo o
; R - T (YA Y TG SR E i V') .
Al 1OTw .
lH M M] ﬂlﬂljj < < < ol B
_wo_mo ! 1= AMINOR
1 M
Lo - s uAu < cC z «. e 0O & 5t :
- THIRD READING iz ]2z 2 Vort§e v b~ €1 CARRY T —
—8 ——o—t—¢———< ~ot oo ol 0bigs » ¢ © O 2ftZ3 ) '
&1 55 tmwaowmus;» .- < MAJOR a2 2 Hoﬁ. ) nhn»m_: 4 mmm
-—e - — ,muun— Sfl e l%: ¢ ¢ o o ofb ® 8y Ac _
70 248 =0 ° PR S e n» m;;or C: - J_
Koy = g1z 2 - ¢ & olc e e e o T
SRt FE ]
»,:Em.«.ﬂ!. = cranney intey—L o 0 £5.27 *@i_,uﬁ;,,r..‘-i ° 2678
- B : S
M ALl A m n
oy z < Z L . R . . I
ELd ) ) .




109

Table 16. Input detail cards and single coefficlent output

cards
Contents
Card 1st 2nd 3rd
col, sum sum sum Comments
1=2 h k A Surmation occurs over the
index in col. 1l=2
-k k L x
=6 B X y
7 ay Qe a a; = 8 if i is even
8 Ay a O, a; = 9 if 1 is oad
7 %y % %
0 Ay P P
) =
11 /)(k /ﬂ ’n ﬁj 8 if cos 2njx
12 /7y /h P /»‘j = 9 if sin 2mjx
13-18 Fourier coefl A; XXXX.XX Sggn is overpunched in col.
1
1-50 10 1009 1030 X = =,
51=-60 69 0959 1031 These orders are used in the
. program. They must be
&1-70 23 0977 1343 punched into the first sum
detail cards only if multiple
71-80 65 0000 1010 coefficient cards are to be

punched.
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Table 17. Multiple coefficient output cards
Card Contents
col. 2nd sum 3rd sum Comments
1-2 L X x gwiteh expands col. 1=-2
v switch expands col. 3-4
3=4 x v z switch expands card line
5 X ormno X Xor nox nox first range
X second range
6 C g n C =1 for E.C. 2 for 0.C.
7 c c C =3 for E.S. U for 0.S.
h k D = blank for O.S.8 8 for E.S.
D =x for 0.C. x for E.C.
8 D, Dy /

10 sign of wvalue in 69-T7L

11 sign of value in 75-80

15-20 y =
21-26 v =
69~7h vy =
75-80 v =

0,11
1,12

9,20
10, -

Z

%

=

0,11
1,12

9,20
10, -

The second value is for the
second range

2. Assembly of program deck

To place the program in operation, set the console

switches for normal operation with error switches set to

stop. The storage entry switches are set at 70 000l xxxx.
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Computer reset and program start will start the loading of

the program deck and detail cards. The program deck is made

up in the following order:

(a)

(b)

(¢c)

(d)

(e)

(£)

(g)

(h)

Drum clear and four-order load routine,
(This consists of five load cards which must
be kept in order.), '

Program deck,
(This deck also contains the orders for single
point punching and 1/80 interval., These are

four-order type load cards.),

Sine and cosine decks for the desired interval,
(These are four~-order type load cards.),

Calculate by 1/U0 (one control card),
(This is four-order type load card and is used
only if 1/L0 intervals are desired.),

Transfer card,
(This card transfers to the read instruction
at 0050 of 70 0951 00L8.),

Modification cards for type of punching
desired,

Detail cards,
(The input detail cards must be sorted on con-
stant indices and then be sorted intoc subseries),

fast card,

(The program punches on a change of index. The
last card furnishes such a change so that the
last set of sums may be punched. It corresponds
to a detail card with zero indices and calls for
a sin sin sin product. This leaves the work
cells set at zero. The program register will
congain the RD instruction at 0300 RD 70 0951
0098.) .

In order to rerun for the next sum the storage entry

switches should be reset to Q0 0000 0050. Pressing computer

reset will transfer control to the read instruction at 0050.
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The cards in items £, g and h are then run through the machine.
The cards in items a, b, ¢, d and e are used only to put the

program on the drum.

3. Tabulation

The final output cards are sorted on columns l through
‘1 and then sorted into two ranges by sorting on colum 5.
These cards are then tabulated. The tabulator sheet of paper
is printed in the same format no matter what the setting of
the three translation switches may be. At the left hand side,
the contents of cvlumns 1l-li are printed. The third coordinate
of the point is implied in the position of the column contain-
ing the value of the Fourier series for that point. These
columns are lebeled, from left to right, by 0, 1, 2, 3, L, 5,
6, 7, 8, 9, 10 for “he first rangs. The second range results
are tabulated below the first range results. The columns in
the second range are labeled, from left to right, by 11, 12,
13, 14, 15, 16, 17, 18, 19, 20. The coordinates for points
using various trenslations are obtained in the manner previ-

ously discussed.

L. Eupty drum cells

The following locations are not used in this program:

1950 1995 1648
0896 1348 1698
o9L6 1398 1748

1795 148 1798
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1845 11198 1848
1895 1548 1898
1945 1598 1948

1998.

5. Control card formats

The drum zero card and the four-order loading routine
are given in Table 18.
A card punched with
69 0952 0953 L5 1hlh 095h4 2L 1150 0950 69 0955 0956
45 1hhdy ooy8 24 1150 0050 00 0000 0000 00 0000 0000
in colums 1 through 80 will zero the work cells used in
storing Intermediate sums. This card is not used in ordinary
operation.
The calculate by 1/Li0 control card is a load card
punched from coclum 1 to 80 with
2l 1490 16h5 20 1496 0300 2l 1017 1695 00 0000 103L
2 0490 1745 21 1496 0300 2L 0491 0985 21 1497 0300
The various punch control cards for multiple coefficient
output are listed below.
(a) Punch two ranges and both sven and odd index re-
sults.
69 0952 0953 Lk 1200 0149 2k 0973 0954 69 1195 0955
2l 1942 0956 69 1245 0957 2L 1992 0050 00 0000 CO00

(b) Punch two ranges and only even index results.
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69 0952 0953 Ll 1200 01L9 24 0973 095L 69 1195 0955

2l 1942 0956 69 1295 0957 2L 1992 0050 00 0000 00Q0
(¢) Punch one range and both even and odd index re=-

sults.

69 0952 0953 Ll 1200 0149 24 0973 0954 69 0955 0956

71 0977 0650 2l 1942 005C 00 0GCO0 0000 00 0000 0000
(d) ©Punch one range and only even index results.

69 0952 0953 Ll 1200 019 24 0973 095h 69 0955 0956

71 0977 0796 2L 19L42 0050 0O 0000 0000 0O 0000 0000
(e) Punch single coefficient cards. These are used if

it is desired to return to single coefficient output after

switching to multiple coefficlent output has been used.

There are three cards required.

Card 1 is =

69 0952 0953 Uly 0194 0149 2l 0973 0954 69 0955 0956

10 1009 1030 2L 0979 0050 OO0 000C 0000 00 0000 0000 .

Cerd 2 is

69 0952 0953 69 0959 1031 2L 0980 0954 69 0955 0956

23 0977 1343 2l 0981 0050 00 0000 000C 00 0000 000 .

Card 3 is

69 0952 0953 65 0000 1010 2 0982 0050 00 0000 0000

00 0000 0000 00 0000 0000 00 0000 0000 00 0000 0000
The transfer from four-order load routine card is s non-

load card punched with a zero in each colum.
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Table 18. Drum zero and four=order load routine
Operation Address
Fileld code Data Instruction Remarks
1 00 0001 0G00
2 00 0000 €000
3 10 0001 8003
I 61 0008 0007 drum zero
5 2l 0000 8003
6 70 000k oooh. (1)
7 69 0006 0005
8 20 1999 0003
1 69 0002 0003
2 69 0952 0951 load lozd routine
3 2l 1595 0000
L 69 0005 00056
5 70 098} 0050 (2)
6 2l 0985 0001
7 00 0000 0000
8 00 0000 0000
1 69 0002 0003
2 69 0956 0955
3 2l 1695 0000
L 69 0005 0006 (3)
5 69 0951y 0953
6 24 1645 0001
7 00 Q000 Q000
8 00 0000 0000
1 69 0002 0003
2 65 0951 1545
3 24 098 0000
I 69 Q00 0006 ()
5 69 0958 0957
é6 2k 1745 0001
7 00 0000 0000
8 00 0000 0000
1 00 0000 0000
2 00 0000 0000
3 00 0000 000¢ (5)
L 69 0005 0006
5 us 1595 0952
6 2l 0981y 0985
7 00 0000 0000
8 00 0000 00090
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6. The program deck

The cards in the program deck are listed in Table 19
with the contents of each card displayed on one line. The
trigonometric decks for 1/L0 interval are listed in Table
20. The 1/80 interval decks are listed in Table 21. These

addresses and orders must be made into four-order load cards.
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ORDERS FOR

TeDaFa 40-~80C

% AND m REPRESENT X/0 AND Y/0)

ADDR . ORDER
0194690247020n
1893940596029H
0494690047085n
0447100996049E
0869460644084D
0T744118001079D
0545710977C94D
034810800103SH
0948691144059G
1194150697124D
07471C0997049E
1943211996100m
13946508478008
14441508978008
0248230954149B
1592150978159D
0399200986059E
03476505501038
06911100440441
10301510358008
1693300004095G
1742160295054 1
0549690978035
1048690979144C
1543350002064 1
0659690980024 F
15936903460741
0396000550000m
0294230679034D
0446151500074F
0496230978040
04452005501038
00956909580961
097364401940161
0046910099030
0974200996104 1
1099651025109A
1141151146114n
11902011961241
12996510251294A
1341151346134n
13902013961441
1496651025149A
1541151546154n

ADDR, ORDER
0247000000008n
02981€0444059F
00474403480941
0902210984059D
06441104970639D
Q794100497054E
094410098409SD
03981006450991
1144440348095
0697000000100n
06506513448008B
0797451050139D
0847210997110n

0897212C47110m.

1492300C020341
164294039902%G
0595691544039G
0550690996800C
00442460985099A
1035000050000n0
1343300004136C
C295C00000GGTH
0400651037009F
1443300004014F
06494618421898B
0246230980189D
03462309781698B
02441505501038
03446G0980036D
15000000001000
0395240350184C
00507C0951004H
09692409780141
014G600951100E
0099650960096F
10456510251044

1091151096109

11402011461191
1249651025124A
129115129612%9n
13402013461391
14496510251 44A
1491151496149
15402015461591

ADDR s ORDER

0200240$86080m
0444040000100
0850241044054D
05941180018908
C497000000000A
08464210985083D
0994110547104D
0999151094090n
1244200978129D
1344210996100
10501519938008
1100161494115
12006509771448
034£9158001154B
02971602450391
1544230578040n
10321010268008
04494409551 44E
1031221037800A
13933500020491
1792150345054]1
00961505998G08B
0146230979149C
18421602950691
0600660986029F
0749240350164C
16926580030791
C394230980094H
N849200986179C
1843650546044F
0300700951009H
0098600952096E
1005690958101
09662010250986G
1041151046104
10902010961141
119964510251194
1241151246124n
12902012961341
1399651025139A
1441151446144n0
149020149615¢41
1599651025159A

(sYMBOLS

ADDR & ORDER
080065097818%C
0596200978046D
0544650447090n
0495440899134E
06942109850740
CB824118001054E
054700002000CH
10940000500000
0647650978119D
1294650747090m
1000161943079G
1993212046100n0
1494211997110u
1442698003024H
154235000615¢98
02450000001001
3397240350034G
1036240397709%A
1009240986099A
10106%0677169C
04994617421798
Q3450000000001
0599000050003H
1493300004154C
18921503450691
0296200986153C
1643650396024D
0799690979029D
0650670986174C
1793690496039E
$546650997800C
0971210977009E
0965110968097C
1011450964004F
0987150996097D
10402010461091
1146651025114A
1191151196119
12402012461291
1349651025134A
1391151396139%n
14402014461491
1549651025154A
1591151596159n
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TARLE 19, CONTINUED
ADDR s ORDER ADDRe ORDER
15902015961641 1649651025164A

1699651025169A
1741151746174n
17902017961841
1899651025189A
1941151946194
1990201¢96030n
10271500940191
10936509961C08B
10061009631G16
€G863190040004C
1003150960098H
1019941023102F
0198201015102D
10421501450241
01976009511016G
1029691033103H
10043000018008
0750690958101H
11936519971198
119215056C13%8
1392201997103D
0C4920C9541C0G
0192101196019z
0392101396039
0592101556059
0792101796079z
00431010470044A
0243101247024A
0443101447044A
0643101647064A
0843101847084A
0041211047100A
0641211647100A
0441211447100A
02412112471004A
0841211847100A
1594920947125
0498160695130n
0598000008006m
0148961794019F
1350961844064F
06461614501018
0948650978104E
0945000080000n

1691151696169
17402017461791
184396510251844A
189115189618%n
1940201946195 1
0964910G671011
00941900400048
10021509601031
0%63000001000m
0097201015097E
0988200897015m
10236680030981
10242010370146
014519109000C4C
1017191028101C
1033000200000
000000C2C01032D
1016641143119C
12436519961248B
124216C9€01348
10346510370998
120076009601 01E
02421012460 24n
04421014460440
0642101646064n
0842101846084D
0023101097009A
0253101297029A
0493101457049A
06931016%7069A
0893101897035A
0091211097100A
0691211697100A
0491211497100A
0291211297100A
0891211897100A
0947951644049H
06950000C9006m
0745000009005n
17941606481018
140000009006Co
1450600090050m
1045910998170n
1600150995165

ADDR s ORDER
1641151646164n
16902016961741
1799651025179A
1841151846184n
189020189619%41
19996510251994A
096739410201028
01992C1015097F
10392009960291
1022668003099
0975201037014D
0150600953100H
0989151043019H
01476009511C16G
0249201015102A
102800000C002E
1038231092019E
0500000000103D
1018941243129C
12936519971298
12921605601398
08921500450041
0092101096009x
02921012960291
049210149604%n
06921C1696069m
0892101896089n
0143101147014A
0343101347034A
0543101547054A
0743101747074A
09431019470044
0141211147100A
0741211747100A
0541211547100A
0341211347100A
0641211947030n
1644160448130x
1250951694054H
1300698002174D
0648000080070m
18441606981018
1894910748155
0598650986194D
0995000090000n

ADDR, ORDER
16402016461691
1749651025174A
179115179617°%n
18402018461891
1949651025194A
1991151996199n
10206680031026G
0976201037109C
029960C095110CF
0990150993005G
0144650997100C
1008100963101G
10431910900048
10266680031048B
10212010370196G
10133000021021
0195658001100D
0250690958101F
11436519961148
11421509601348
1342201996103D
0045000050005x
0142101146014n
0342101346034n
0542101546054n
0742101746074x
09421019460940
0193101197019A
03931013970394
0583101597059A
0793101797079A
0640211946030n
0191211197100A
0791211797100A
0591211597100A
N3912113271004A
0645000001000x
0448000008007
1694160598130
1744930148135n
01961614001018
0698000080060n
0748650986079E
1944961992175n
16502009861948B
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ADDR ORDER

0795150798069F
17501510981998
1148161098149E
1800160995185m
1900160848084]
0962210968097A
09722010370998
0190211196100A
0390211396100A
05902115%96100A
0790211796100A
0548160745130
0978C0C088888H
0982650000101
1195710677060n
1445151298035F
1750151098149E

119

CONTINUED

ADDR» ORDER
0696690978089E
0798000008000m
1068000010000m
0746658002199D
1850698002114E
10126G980021648

00421C1046004m

004021104610CA
0240211246100A
0440211446100A
0640211646100A
0840211846100A
1743940446079F
0979101009103
14952009861998
12457109770650
124571C977065m
1495200986199R

ADDR s ORDER
0895910898160n
1550650986084E
1700650686109E
19946611981801
1145651248190n
115C451444004H
1001650954096A
0090211056100A
0290211296100A
0490211496100A
0690211696100A
0890211896120CA
0846240550095n
0980690959103 A
1345461395094D
1295710977079F
1295710977079F

ADDR ORDER
0898150945165n
0845150848069F
1095961148149¢E
1198160945185n
12481607980841
00486C03520968
09612010150978
Cl40211146100A
0340211346100A
0540211546100A
0740211746100A
0796690970084F
08706%90996800C
0981230977134C
1395100497094D
1298000050000
1298000050000n



#0000000000L21T
oQ000000009921T
0000000002921
0000000000862 1
+000000000%G2T
000068L48496¢€71
%#000000000¢c¢€2T
#00068.LL86TECT
o000L60Ig6L22T
+000.460166¢€221
n000s8.LL8G6TC21T
*¥00000000061¢T
+000g98LLBGT1CT
HOC0LG0TLE6L0CT
#0002460T66¢c02T
o000.LT060888T1
oo00.L1060e%81T
*¥00066666608TT
O000LT060¢e9LTT
n000LT06082LTT
%#000.L10608891T
+000LT1060g%911
B00066666609TT
2000LT060€9¢61T
*0C02L1060826TT
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#000LT060C€12T1
DO000LTO608LITT
oQ00.LT0608¢CTTT
%000.T060¢€6011
+000666666601T1T
#»000.L1060¢€1011T
oQous8.LL86GR0T
o000Lc0T1G66280T
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0000000000201
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#000L60196¢2901
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#000L01L0L19¢T
O000.0TL0LLGeT
#000401L0L¢c6cT
o000.Lc01668¢cc1
»00068LL8G6%¢cCT
om00C0000000¢ccT
800068..869¢2<21
%000L601T6622¢T
on0o0LgCTIs6e81CT
#00068LLB8GHTCT
OOU0000O00LUICT
nQ00e8LLBGES0CL
%000L9016620<¢1
o000g89.L8648T11
*000ve%9461¢e811T
#000L0CT686LTIT
O000L0TLGLSELTT
D000Ce6ECHTILTT
%*000889.86/.9311
D000%ew96T1e9T11
B000L001686¢T1
*000L0TL0LCSTT
#000066€6%1GT1
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D0000Q0000CC2TT
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0006844862111
+00068L.8680TT
»000L60TG66%HD11
n0004%e%5c16801
n000LOTLOLERBOT
o00C889.L861T801T
O20CL00T68LLOT
n000066eGvel0T
2000449516901
#%*000L0TLQLGO0T
#*000889L86T901
+%000L00T168LG601T

#0006666668921
B000666666%921
%0006666660921
n0006666669¢621
+00066666626G621
m000.Lco1g6LeCd
%+000L60166¢el1
o00068LL8G622T
#0000000006¢<T
%00068..L861¢¢T
O000.LC0TG6.L1ICT
#000L601G66¢ 12T
n000684.4866021
#000000000¢60¢C1
#000682.L861021
O0000LGCT1G6E98T1T
#0C0638.L.862811
#00068..868L1T1
ODQ00LGOTEHHwLTT
#0000000000L1TT
#C00LG0T16699TT
000068..862911
O000¢Q3L.8628T11
#¥000LG0TIG6HKGTT
O000LT06086ETT

B000Q6666666ETT

HO00LT060ETETT
#000LT06082211
#000LT0608e2T1
BO00LT060E6TTT
DQ00666666G6T1T1
HO00LT060CTTITT
*00CLTO0608B.L0TT
#000L10608E011
DCoo0LT060€8801
DCO0LT0608%E801
n0C06666660801
DOO0LTO6089L0T
OC0CLTI060€2L0T
#000L15060€8901
#0C0LTN60EHSQT
%#000666666090C1
#+000.L1060895071
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#000HEHQCTLLTT
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x000066€£G%69T1
#000L0TLCLEOTT
OCCCL00T68T9TT
DCOCHEYSGTLGTT
#000889.85€GTI
000068LL8BGRETT
H000LE0TG67ETT
+0000C000000€ETT
3#000LC01669211
»00068L.8622T1T
0000¢84/.868111
O000LG0TG6HTITT
+00CC0O00000TIT
¥000LG01G6690T1T
+0C0G68LLBGLE2CTT
OQQ0066E6Y4801
000L00168¢801
D000889.L866LCT
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OQ00HeH9GTIILOT
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TABLE 20 CONTINUED
ADDR ¢ ORDER ADDR., ORDER
1271707107000 1272999999000x

1275707107C00%
1279707107000n
1283707107000%
1287707107000m
1302951057000
13C6587785300m
1310C00000000%
1314587785000
1218951057000 x
1322951057000%
1326587785000m
133000000C0C0*
1334587785000
1338951057C0Co
1353156434000n
1357987688000
1361453900001
1365707107000m
1369891007000%
1373156434000%
1377987688000x
1381453694000+
1385707107C00%
1389891007000n
1404951057000 n
1408587785000n
1412587785000%
1416951057006
1420000000000
1424951057000n
1428587782000m
1432587785000
1436951057C00%*
1451967688000%
1455707107000%
1459156434000
1463453990000x
1467891007060Co
147198768800CH
147570710700CH
14791564340000
1483453990000
1487891007000%
1502000000000%

1276999999000%
1280999999000n
1284999999000%
12889$9995000m
130330601 7000%
1307309017000%
1311809¢17000m
1315999999000%
1319609017000k
1323309017000
132730901700C%
133180901700Cn
1335999999000%
1239809017000n

1366951057000n
1370000000QC0*
1374951057000
1378587785000n
128288775500 0n
1386951057000%
1401651057000%
140500000000Cn
1409951465700Ca
1413587735000a
1417587785000
1421951337000
142500C00000Cn
1429951057000 n
1433587785000
1437587785C00%
1452309017000%
1456809017000%
1660939699080
1464805017000
1468309017000%
1472309017000
1476809017000
1480999999000n
1484809017000
1488309017000
1503999993000n

ADDR 4 ORDER

1273707107000n
1277707107000
12817071070000
1285707107¢C00%
1289707107000m
1304587785000
1308951357¢00%
13129510570000m
13216587785000%
1320000820000
1324587785C00nm
1328651057000
1332951C57000x
1336587785000%
1351891007000
13557071070001

* 1359453990000 x
0% 1363987688020+

1367156434000
1371891007000
1375707107000
1379453920000
13859876880000
1387156434000%
1402587785000%
1406951057000%
1410000000000
14149510570C0u
1418587785000m
1422587785000
1426651057000
1433000000000
1434951057C00w
1438587785000x
14538%910070001
145745329900000
1461156434000
1465707107000
146998768800C%
1473891007000
1477453990000%
148115564340000
1485707107000m
1489987688000n
1504000000000

ADDR CRDER

1274000000000Cx
1278000000000%
1282000000000n
1286000000000
1301809017000%
1305896999000u
1309809017000
13133G05017000m
1217309017000
1321805017000%
1325995699000n
13298C09017Q00%*
133330901700Cn
1337209017000n
1352809017000%
1356309017000%
1560999%99G600R
1364309017000%
1368809017C00%
1372809017000m
137630301700Q0n
1380999999000
138430%0170000
1388809017000m
1403587785000n
1407587785000
1£116510570C0s¢
1415000000000x
1419951057000x
142358778500Cn
1427587785000%
1431951057000%
1435000000000m
1439951057000
1454587785Q00n
1458951057000k
146295105700Cu
1466587785000m
14700000C0000%
1474587785000
1478951057000%
1482951057000%
1486587785000
1501999999000%
1505999995000



TABLE 20,

ADDR s ORDER

1506000000000%
1510000000000
151400000C000%*
151800C000000%*
1522000000000%
1526000000000%
153000000000C*
1534000000000
15380000000Q0%
0005707107000m
0009156434000m
0013453390000%
0017851007000
002198768800C*
0025707107000
0029156434000
0033453990000
C037891007C00T
0052803017000
0056309017000
00609%9999000%
00643C9C017C00%
0068809017000n
0071951057000m
0C75000000000m
0080999995000
0084309017000
0088805017000
010315643400Co
0107987688000
0111453¢90000m
0115707107000m
01198910070C0%*
0123156434000%
0127987688060
0131453990000
0135707107000%
01398910070C0n
0154809017000%*
0158309017000m
016230901700Cn
0166809017000
0170999999000m
0174809017000

122

CONTINUED

ADDR.  ORDER

1507999999000m
1511999995000n
1515999999000x
1519999999000x
1523999999000n
1527999599000n
1531999999000
1535993999000n
1539999595000n
0002951C57000m
0006587785000m
00100000C0000H
0014587785000%
0018951057000%
0022951057000%
0026587785000%
0030000000000
0034587785000m
0038951057000m
00535877850001
0057587785000
0061951057000%
00653030 L00uuU¥
0078809017000
0072809017000m
0076309017000%
0081951057000%
0085000000000%
0089951057000m
0104309017000%
0108809C17000%
0112809017000
0116309017000n
01269959$5000%
0124309017000m
0128809017000m
01328090G17000%
0136309017000%
0151809017000x
0155995999000 %
01598090170001
0163309017000%
0167309017000%
0171809017000m
0175999999000%

ADDR ¢ ORDER

1508000000C000
1512000000000m
15160000000000
152G0000000001
1524000006000n
152800000000¢C0
1532000000000n
1538000000000 n
1536000C0CC00T
00038910C70C0m
0007453990000x
0011156434C00%
00157071070CC*
0019987688000%
0C2Z238%1007C00%
0027453990000%
0311564340000
0035707107000
0039987688000
005430901706000
0058806017000
0062809017000
vubb3vILLIToLLE
0069951057000
0073587785000n
00775877850C0%*
008280901700C*
0086306017200
0101891007000n
0105707107000%
01094539900C0*
0112987688000
0117156434000%
0121891007000%
0125707107000m
012945399C000n
0133987688C00*
0137156434000n
0152309017C001
0156809017000%
0160999999000n1
01648090170C0%*
0168309017000CH
0172309017000m
0176809017000%

ADDRes  ORDER
1509999999000%
1513999995000
1517999999000+
1521995955000%
1525999959000%
1529999955000%
1533995999000%
1537999999000%
1537995999000%
0004809017500
0008309017000x
0012309017000%
0016809017000%
0020999999000%
0C24809017000%
0028309017000%
00323050170000
0036809017000m
0051951037000m
00550000000000
0059951057000%
0063587785000%
VU67587785000m
0070999999000n
0074309017000m
0079951057000%
0083587785000%
0087587765000u
0102587785000m
0106951057000%
0110000000000%
0114951057000m
0118587785000%
0122587785000%
01269510570001
0130000000000m
0134951057000%
0138587785000x
0153309017000%
0157309017000%
01618090170000
0165999599000%
0169805017000m
0173309017000%
0177309017000



TABLE 20

ORDER

017Q2Foﬂ17\~@

fagun

£182309017000m
0186809017000
0201707107000m
02057CG7107000
020970710700Cm
02137C71C7000%*
0217707107000m
0221707107000%
0225707107000n
0229707107000%
0233707107000
0237707107000
0252309017000
0256809017000x
0260959995000
0264809017000x
0268309017000%*
0272309017000%
0276809017000m
0280999995000*
02£84809017000a
0288309017000%*
0303987688000%
03071564340000
03118910070001
03157071070C0%
0319453990000
032398768800Cn
0327156434C00%
0331891007000
N335707107000n
033945369000Cn
0354309017000u
0358809017000%
0362809017CC0*
03663090170001
0371309017000x
0375999999000n
0378809017000%
0382809017000%*
0386309017000
0401156434000n
0405707107000x
0409987688000x

123

CONTINUED

ADDRs  ORDER

0179809017000T
0183309017000%
0187309017000%
0202000000000m

*# 0206000C00000%%

02100000LCQOO0D
0214020CC0Q00O*
021800000000 Cm

0222C00C000000%
02260000C000Q00n0
0230000000000
0234000000000n0
0238C00000000%
0253951057000
025795105700¢CH
0261587785000
22650000v0C0CT
0269587785000
0273951057000
027795108570000
0281587785000
Q028500000 GQuun
0289587785000
03043C901700C0C*
03088C9017Q0G0*
0312809017000n
03163058017000n
0320995999000
0324309017000
0328809017000
0332803017000
N33530Q9017000*
0351309017000z
0355999599000
0359309C1700Co
0363809017000
0367809017000%
0372809017000%
03763090170CCH
0379309017000
03838C09017000%
0387809017000
0402951057000
C406587785000%
0410000000000

VLo

01883090170004
0203707107000
0207707107000n
0211707107000%
02157571CG7000n
02197C7107000%
0223727107000K
0227757107000
02317071070001
0235707107C00%*
0239707107000n
0254809017000
0258309017000
026230%9C17000n0
0266808017000
027099%959000m
0274809017000
02783C9017000x
0282309017000x
0286809017000 %
0301453990000
305707107000n
¢309891007Q00C*
0313156434000%
0317987588000z
0321453930000
0325707107C00%
032989100700C0=
03331564340000
7337087688000
0352809017000%
0356309017000n
0360999993000
0364309017000u
0369305017000n
0373809017000
0377809017000
0380999995000
0384309017000n1
0388809017000
0403453990000%
0407891007C00%
0411987688000%*

ADDR ORDER

859990 90u0‘
Ol89809017000n
0204969395000
02089999935000m
0212999993000+
021639998900Co
2209995999000
0224999999000xm

ﬁ)?QOOggggonnc

£232999999000n
0236999959000%
0251587785000m
5255000000000%
0259587785000%
02639510570000
0267951057000%
0271587785000m
0275000000000%
0279587785000%
0283951057000n
0287351057000%
0302587785000%
0306951057000m
0310000000000%
0314951057000%
0318587785000m
0322587785000m
0326951057000%
03300000000001
0334951057000%
N338587785000%
0353809017000%
0357809017000%
0361309017000n
0365999999000m
0370995999000
03743090170001
0368809017000%
0381309017000x
0385999999000m
03893090170000
0404809017000m
0408309017000m
0412309017000%



TABLE 20,

ADPDR ORDER

0413891007000z
C4174653950000m
0421156434000%
0425707107C00%
0429987688000%
0433891007000%
04374539590000%
0452959999000 %
0456999999C00*
0460999999C00*
0464999993000
0468999995000
0472999993000
0476999995000+
048099959900C*
0484999999CL0*
0488999599000

12l

CONTINUED

ADDR o ORDER

C414587785000m
0418951C57000x
0422951C57000n
0426587785000n
0430000000000%
0434587785000
C438951057000%
C453000600000%
457000000000
04610C00C0000%
0465000000000
0465020000CQ00w
047300C000000%*
0477200000000
0481000560000 0*
C4850CCO0C0Q0C*
0489000000000

ADDR o ORDER

0415767107000%
0419156434000%
0423453390000
C427891C07000m
0431987688000n
0435707107000m
4391564340000
04546895990001
0458999%%3000m
046296999900 0n
04566999999000n
0470999995020
0474999993000x
0478999999000
0482999999000n
0486995993000Cn
0486999999000x

ADDRs  ORDER
0416809017000%
0420999959000%
0424809017000%
0428309017000%
0432309017000n
0436809017000n
04510000000000
04550000000008
0459000000000m
04630000000008
0467000C00000m
0471000¢0C0000
0475000000000m
0479000000000m
0483000000000m
0487000000000m
0487000000000H



TABLE 21,

SINE AND COSINE

125

TABLE BY 1/8¢C

¢ AND m REPRESENT X/0 ARND Y/0)

ADDR CROER

108807845900Cn
1289382683000n
1489649448000n
168985264C000Cm
188997237C000Cm
1138309017000n
1338809017000n
1538899599000mn
1738809017000m
1938309017000m
118764G448000n
13879969170000
1587522499C00n
1787382683000%
1987972370000
1236921057000m
1436587785000n
1636587785000
1836951057000
1085382683C00n
1285923880000o
1485382683000%
1685923880000%
1885382683000n
1134805017000m
1334309017C000
1534599999000
1734309017000m
1934809017000m
1183996917000m
1383649448000
1583233445000%
1783923880000x
1983852640000
1232587785000m
1432951057000
1632951057000m
183258778500C*
108164944800Cn
1281382683000%
1481078459000n
1681233445000n
1881522495000%
1130999999000m

ADDR.  ORDER

1139156434000
1339453990000m
1539707107000x
1739891007000m
939987688000
1188453990000z
1388891007000x
1588987688000
1788707107000
1688156434000
1237809017000
1437951057000m
1637305C17000m
1837587785000%
1086305017000
1286999999000
1486309017000
1686809517000
1886809017000+
1135707107000
1335707107000
153570710700 0%
1735707107000%
1935707107000m
1184987688000x
1384156434000%
1584891007000%
1784707107000n
1984453950000x
1233605017000m
1433951257000
1633309017000t
1833587765000m
1082587785000x
1282000000000%
1482587785000%
1682951057000m
1882951057000
1131987688000m
1331891007000
1531707107000m
1731453990000%
1931156434000m
1180707107000m

ADDR s ORDER
11892334450000
1389522492000x
1589760406C00m
178992388000Cno
19899%96917000m
1238587785000u
14389510570000
16389510570000
1838587785000m

- VAN

10872334450000
1287923880C00%=
14873526400001
1687078453000n
1887760406000%
1136587785000u
13369510570G0x
1536000000000
1756951057000
1G36587785C00%
118592388CC000
1385382683CC0n
1585923880000%
1785328268300Q0%
198592388000Cx
1234851057000n
1434587785000
1634587785800
1834951057000n
1083522499000a
1283382683000n
148397237CQ00%
16837604060000
1883078459000n
1132951057000%
1332587785000%*
1532000000000x
1732587785000n
1932951057000%
1181852640000n
1381972370000%
1581996917000x
1781523880C00%
19817604060000
123000C000000%

INTERVAL

(sYMBOLS

ADDR ORDER
1239309017000m
1439587785000n
1639809017000u
1839951057000m
108815€4324000n
1288707107000n
1488987688000m
1688891007000n

1888453330000n

1137453960000n
1337987688000n
1537707107000n
1737156434000%
1937891007000
1186809017000u
138680%017000n
1586309017000
178699%985000%
1986303017000%
1235999%99C0CH
143500C00C000%
1635996965000+
13350004Q00000n
108445399C000n
12847307107000n
1484891007000%
1634156434000%
1884987668000n
1133891007000m
1333156434000%
1533707107C0C%
1733987688000m
1933453990000%
1182951057000n
13282951057000%
1582587785000m
1782000000000%
1982587785000%
123130901700Cx
1431587785000%
1631809017000n
1831951057000
1080707107000n
1280707107000



TABLE 21,

ADDR « ORDER

1330999995000 %

1530999992000
173099999500C ¥
1830999999000 u
1179522499000m
1379233445000%*
1579078459000
1779382683000m
1979649448000
1228587785000
1428951057000g
1628951C57000%
1828587785000
10778526400001
1277G2388C00C*
1477233445000n
1677649448300
1877996917000
1126805017000m
1326309017000
1526999995000 %
1726305017300
1226809017000 m
1175382683000%
1375923880000m
1575382683000m
1775923880000%
1675382683000%
1224351057000
1424587785000%
1624587785000
1824951057000n
1073972370000
1273382683000n
1473522493000
1673996917000
1873649448000
1122369017C00m
1322809017000
1522999999000
1722809017000m
1922309017000
1171972370000+
1371852640000%
1571649448000

126

CONTINUED

ADDRe CRDER

380707107000
5807071070001
780707107000%
980707107000%
1226309C17000%
1429587785000m
1629809017000
1829951057000
1078806017000
1278995553000 %
14788092170000
1678309017000
1878309017000%
112785100700Co
1327156434000
1527707107000
1727987688C00m
162745392000C¢
1176156434000
1376687688000m
15764539900C0%
17767071070 uvws
18768910607000n
1225669993000%
14250060000000%
1625999939000
1825000000000
1074951857000
127400000GC000o
1474951057000
1674587785000
1874587785000
1123453990000m
1323987688000n
1523707107000z
1723156434000
1923891CG0700C*
1172891007000%
1372453990000%
1572156434000n
1772707107000
1972987688000
1221309017000
1421587785000%
1621809017000%

1
1
1
1

ADDH ORDER
1430000000000=
1630000C000C0*
1830000000200
10797604060000
1279923880000%
147999691700CK
167697237000C%
18798526400000
1128%510570000

15280C0000C00H*
1728587785000m
1928951057030%
11770784590C0n
1377760406000
1577972370000%
1777382683000n
19775224930C0n
1226951057000
1426587785000m
1626587785000m
10626951057vuu#*
1075923880000o
1275382683000
1475923880000%
1675382683000u
1875923880000
1124587785000a
1324951057000
1524000000000m
1724951057000%
1€24587785000%
11737604060Q0C00%
1373078459000
1573852640000n
17732923880000m
1873233464500001
1222587785000%
1422951057000%
1622951057000
1822587785000
1071996917000x
12719238800000
1471760406000
16715224990000

ADDR o ORDER
1480707107000
1680707107000%
18807071C70000
1129987688000n
1329891C0700C0%
1529707107000n
1729453990000%
1929156434000m
11783C9017000m
1378305017000n
1578809017000
1778999959000n
1978809017000%
1227809C17000%
1427951C57000x
1627309017000
1827587785000
10768910070C0n
12767071CT7000%
1476453990000%
1676987688000n
1676156454000%
1125707107000n
13257072070C0x
15257¢7107000%
17257071C7000%
1925707107000m
1174587785000%
1374587785000m
1574951057000n
1774000C00000m

s -7 n a3
1974951057 Q00%

1223809017000%
1423951057000%
1623309017000%
1623587765000m
1072987688000n
1272707107000m
1472156434000m
1672453990000%
1672891007000%
1121156434000m
1321453990000n
1521707107000m
1721891007000x



TABLE 21

ADDR o ORDER

1771382683000

]

197107845%Q000%*
1ZZOOOOOOOuOOU
1420C00¢0C0CC0

162000QOOUOCOE
1820000000000 n
106999691700Cn
1269923880000
14697604060C0m
1669522492000u
186923344500Cm
1118309017000
1318809017000
1518999¢9¢000%
1718809017800
1918309017000
1167760406000%
1367078459000mn
1567852640000n
1767923880000x
1967233445000m
1216951057000m
1416587785000
1616587785000
1816951057000+
1065923880000m
1265382683000%
146592388C000%*
1314309017000
1114809017000%*
186592388000Cu
1665382683000m
1514999999000n
1714309017000%
1914805017000
1163078459C00x
1363760406000m
1563272370000
1763382683000
1963522499000
1212587785000u
1412951057000%
1612951057000n
1812587785000
1061760406000m

127

CONTINUED

ADDR o ORDER

O e
N

e el e
G\ =0 S w
~N NN NN
DO

«—.,‘

11191364,4000

13194539GQG00%
1519707107000%
1719891C07000%
19199876880003%
116889100700C*
1368453950000%
1568156434000
1768707107000n
1968987688000
1217805C17000m
1417951C57000n
1617309017000
1817587785000
1066951057000Ca
1265000500000
L4E6G51057000%
1666587785000%
1866587785000n
1115707107000
1315707107000%
1515707157000n
1364S87668000n
1164155434000
1915707107000
1715707107000
1564453990000
1764707107000%
19648%10C7000m
12128090170C0n
1413651057000%
1613309017000
1813587785000m
1062809017000m
12629%9959000%
146280901700¢CnH
16623C9C017000%
18623090170Q0%
1111987688000

ADDR ORDER

18712334450000
1120000000000
1320000000000
15200C0000000%
17200C000000C
192C3500Q00Co00*

1169972370000%
1369822543000%
15690494»8000’
1909ﬂ184“90007
1218587785000x
1418951057000Co
1618%510257000m
1818587785000m
1067972370000
12673826820000
1467522495000
1667996217000%
1867649448000
1116587785000
1316951057C00%*
15180000uvueLLn
1716951057000z
19165877850000
1165382683000
136592388C0000
1565382683000
1414557785000
1214221057000m
1965382683200
1765923880000
1614587785000%
1814951057000
1063852640000n
1253923880000
1463233445000
1663649448000n
18639969170G0*
1112951057000%
13125687785000n
1512000000000%
17125877850Q0%
191295108574500n
1161522499000n

ADDR e ORDER
1921987688000n
1170993935000
1370999999000%
1570993999000
1770999999000
1670999999 000%
121930901700Cn
1419587785000x
1619808C17000m
1819¢51057000n
1068987688000m
1268707167000x
1468156434000m
1668453950000%
1868891007000%
11174539930000%
1317987688000%
1517707107000%
1717156434000n0
1917891007000m
1166587785000%
1366587785C00D
1566951057000n
1766000000000
1966851057000*
12159999990001
1415600000000%
1615999999000%
1464453990C000%
1264707107000%
1¢64891007C000
1815000000000n
1664987688000m
1864156434000%
1113891007000%
13131564340C0D
1513707107000n
1713687583000
19134539900000
1162309017000m
1362309017000m
1562809017000%
1762999599000n
1962809017000%
1211309017000m



1261923880000%
1461929691700Cn
166197237GC00H
1861852645000n
111099¢39Q239000%
1310999995000un
1510999863000 %
1710999995000 m
1910999999000
1159852640000
1359972370000%
1208587785000
1959760406C00n
1759923880000%
1559966G617000n
1408951¢57000m
1608951057000 %
1808587785000
1057522459000
1257382683000
1457972370000%
1657760406000
185707845%00Cx
110680901700C#*
1306309017000
1506999999000m
1706305017000
19C680901700C*
1155923880000
1355382683000n
1555923880000%
1755382683000%
19559238800C0m
1204951057000
1404587785000
160458778500Co
1304951057000
1053233445000
1253923880000
14538526400C0n
1653078459000n
18537604056000%
11023C9017000%
1302809017000%
1502999999000*

128

ORDE
10070000
99000in

1160707107000n
1360707107000
15607071C70000
17607Q7107000%
166C7C7107000n
1209309C17000%*
14095877850000
1258000050000
1858587785000
1809951057000
1609809017000
1458587785000%
15589510570C00
1858951057000
1107891C0To00%
13071564340000
1507707107C00n
17Q079876880QC*
19C74535900004a
1156987688000n
1356156434QG0%
15568Q1C07000%
17567071C070001
1956453900001
1205996699000
14605000C0C0C0O*®
1605995969000
180500000000CH
1C543090170C0n
1254999999000
1454309017000
1654809017000%
1854809017000
1103453990000%*
1303G687688000%
15037C7107000%
1703156434000n0
190382140067000m
1152453990000
1352891C07000n
1552987688000m

3445000%
78459000%
32683000m
1961649448000%
1210000000000%
1410060000000m
1615000000000
181000000000CH
10596494480000
1253382683000%
14590784590000
13G85877850000
1108951057000%
1859522499000%
1659233445000n
1508C000000C0m
17C8587785000%
1208951057000
115795691700Co
1357649448000%
1557223445000%
1757923880000k
1957892640000%
120695105700C*
140658778500Ca
15606587785000x
1806951057000%*
10553826830000
1255922880000m
1455382683000%
1655923880000%*
1855382683000
11045877850C0%
1304951057000%
15040000000L80%
17049510570001
1904587785000
1153649448000n
1353996917000R
1553522499000m
1753382683000
1953972370C00%*
1202587785000
14029510570C0%*
1602951057000

ADDR ORDER

1411587785000
1611805017000
1811951057000
1060707107000m
1260707107000
14607071070000
1660707107Q00%
1860707107000x
1109987688000%
1302891007000
1509707107000 *
1558951057000
1158951¢57000m
1909156434000%
1709452990000
1558587785000n
1758000000CCCH
1958587785000
12C7809C170GCC*
1407951057000
16073090170C0%
18C7587785000%
105645359000Co
1256707107000n
1456891007000%
1656156434000%
1856587688000
11057071070Q000%
1305707107000
1505707107000m
1705707107000m
19057Q7107000%
1154809017000no
1354809017000m:
1554309017000%
1754399599000
1954309017000%
1203806017000
14039510570Q0%
1603309C17000
1803587785000
1052156434000
12527071070000
1452987688C00n
1652891007000n



TABLE 21,

ADDR, ORDER

170280Q017000%

PR VAN,

1202309017000
1151233445000m
1351522499000
1551760406C00m
1751923880000n
1951996917000m
0039996917000
0239923880000n
0439760406000n
0639522499000n
0839233445QC0n
0088951057000
0288587785000n
0488000000 OOm
0688587785000

O‘c388951(>57'00(}~x
Cl37760406000m
0337078453000
053785264C00C0%*
0737923880000
08372533445000%
018630901700Ct
03868090170C0*
- 0586809017000%
0786309017000n
0035923880000
0235382683000%
$43592388C000%*
0635382683000
0835923880000n
00845877850C0n
0284951057000%
0484000000000m
0684951057000
0884587785000%
0133078453000
0333760406000
0533972370000n
0733382683000%
0933522495000%
0182809017000
0382309017000
0582309017000m
0782809017000

129

CONTINUED

ADDR . ORDER
17527C
19521564
1201309 Ol?OOO‘
1401587785000%
1601808C17000*
1801G810570020%*
1801951057000
0899876880001
028989160700Co
04897071070C0m
0689453590000
0889156434000n
01388910070CCH
03384539900C0n
0538156434000
0733707107000
0938687688000
0187587785000
03873C9C17000*
C587951C570C0*
0787809017000
V0369510570006
Q02360000000 uuk
0436951057000%
0636587785000
08365877850C0m
008570710700Cx
0285707107000
0485707107000
0685707107000
0885707107000
0134156434000n
0334987688000%
0534453930000n
073470710700Cw
0934891007000
01B83587785000%
0383309017000
0583951057000
0782809017000
0032809017000n
0232999995000
043280901700Co
0632309017000%
0832309017000

*J

WAl
B

~J

w <
s
OO
[oNe!
oo

QO

A

ADDR ORDER

1802587785000%
10510784590C00n
1251382683000n
145164%4480000
1651852640000n
1851972370000
1851972370000n
01399723700000
03398526400000
0539649448000
£739382683000n
0¢39078459000u
0188809017002
¢388309017000u
0588309C17C0C0O*
0788809017000
0037972370000
0237382683000u
0437522499000%
G6379956917000%
08376494480Q0%
0086809017000
V2806309017000 %
0486999999000
068630G01700CH*
0886805017000m
01353826830000
033592388Q0C0%
0535382683000%
07359232880000d
0935382683000x
018430801700C*
0384809017C00%*
05848090170000
¢784309017000n
0033852640000
0253923880000
0433233445000n
0633649448000n
0833996917000
00823090170C0nO
0282809017000
0482999999000n
0682809017000
0882309017000n

ADDR e ORDER
18524539900001
11C1156434000%
1301453990000%
1501707107000
1701891007C00%
1901987688000%*
1901987688000%
0189651057000
“39Q8OQOI7OOOD
Q789399017OOLE
0038987688000
0238707107000n
04381564340000
06384539%00C00%
0838891007C00%
0oB87891C07000m
0287156434000a
Q487707107000%
06879876880C0%
0887453930C00%
0136587785000m
U536587785000%

* 0536951057000%

C736000000000Cn
0936951057000m
0185000000000
038599993939000%
€585000000000m
0785999999000n
0034891007000n
0234707107000
0434453990000%
0634987688000m
0834156434000
20834539900000
0283987688000
0483707107000o
0683156434000m
0883891C0O7000%
0132309017000%
0332309017000%
£532809017000n
0732999999000
0932809017000



TABLE 21,

ADDR o ORDER

o

(@]
C‘(-

N &
N(T
LY O
') I':,
C» (@]

CD(_;

7 I8¢
9238
043199691700
063197237C000%
0831852640000

008000000CCOT
02800000000008
0480000000600 %
0680000000000
0880000000000
0129852640000%
0329972370000

0529996517000
0729923680000
0929760406000%
017880901700C%
0378309017000m
0578309017000m
0778809017000
0027522499000x
0227382683000m
0427972370000
062776040600
0827078459000
0076587785000%
0276951057600x
047600000C000D
0676951057000%
0876587785000
0125923880000%
0325382683000%
0525923860000x
0725382683000m
0925923880000
0174309017000m
0374809017000%
0574809017000%
0774309017000m
0023233445000
0223923880000
0423852640000m
0623078455000m
0823760406000%
0072951057000%
0272587785000%

W W
et

0
kS
Inj

O

130

CONTINUED

ADDR ORDER

CU7000%*
0881 9b756R000m
0130707107000
0330707107C00O
05337Q7107000%
07307071070C0m
Q930707107000
Q17¢¢ R1n57o@cr
037980801700
0579587785000*
V77930801700 0n
0028587785000
U2280C0000000D0
0428587785000%
0628951057000n
08289510570C0%
0077453990000
02779876880G0n
Q&477707107000*
SeTT1564340uu%
08778%100700Co
01269875688000%
0326126434000n
0526891007000
072670710700C%
0526453950000%
0175CQ00C0C000
0375999999000
0575000000000+
0775999999000
0024309017000n
0224999299000m
0424305017000
0624809017000
C824809017000%
0073891007000
0273156434000%
0473707107000
0672987688000n
0873453990000n
0122453990000
0322891007000%

ADDR s ORDER
0131522499003r
G 00
0531078459000:
0731382683000%
0631649448000n

018099993900G%* (2

0380999999000
058099959200 0%
0780999995000
0029644480000
0229382683000%
C429078459000m
0629233445000m
0829522499C00%*
0078309C17000%*
Q2788390170001
0478999999000
0678809017000x
0878303017000%*
0127996917000%
0327645448000
0527233445C001
UTZ2719238500U0%
3627852640000m
0176309017000%
0376805017000
0576805017000
0776309017000x
0025382683000x
022592388CC0CH

0425382683000%
0625923880000%
0825382683000
074809017000
0274305017000x
04745995395000n
0674305017000z
C874809017000%
0123645448000%
£323996917000%
05235224990C0%*
0723382683000n1
0923972370000
017280%017000m
0372309017000u

ADDR

ORDER

0181%51057000%
2381809017000
0581587785000
0781309017000
00307C7107000Cn
307071CT7T000%
C430707107000m
0630707107000
£830707107¢C00n
007915864234 000%
£279453230000n1
U4T7S9707107000%*
0679891007000n
C879987688B000%
0128951057000%
0328951057000
0528587785000
0728000000000
0928587785000m
C1775877850C0%
0377308017000
0577951057000
CTT7809C17000%
$026453990000n
0226707107000
04268910070C0x
0626156434000%
0826987688000
00757C7107000C%
0275767107000z
0475707107000m
0675707107000
0B875707107C0C*
0124809017000%
0324809017000%
0524309017000
0724959599000
$9243090170001
0173587785000n
£373306017000%*
0573951C057000%
0773808017000
0022156434000n
0222707107000m
0422987688000n1
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TABLE 21e CONTINUED

ADDRs  ORDER ADDRs  ORDER

0472000000000% 05229374688000%

0672587765000 €722707107000%

087295105700CH 0922156434000%
con

0121233445000
C321522499000%*
05217604CH000%
0721923882000
0921996917000
0170999999000
0370999859000
057C999939%000n
7709998939000
0019078459000
0219382683000%
0419649448000%
0619852640000%*
3819972370000
0068251057000

C46800C00000CH
0268587785000
0668587785000m
0868351057000
0l1764544800Cx
£317996917000x=
0517522495000
0717382683000%
091797237C000%
0166309017000n
0266806017000
0566809017000%
0766309017000
0015382683000%
0215923880000 %
0415382683000m
0615923880000m
0815382683000
0064587785000
0264951057000n
0464000000000%*
0664951057000
0864587785000
0113996917000
0313649448000
0513233445000%
0713923880000m

0171951C327¢QC
03718C3901700¢C
057150//CJCVLL
0771309017000
0022000000000

02200000C00Q0C*
0420000000000
0620000000000
08200002 C0000*
00698876880C0%
0269891007000
0469707107000%
0669453990000
8691564340005
0118453950000
0518987688000
0318891007000
0718707107000
0918126434000m
G1&756T7T76500uun
0367308017000
05679510570G0*
07678039C17000+#
0016309017000%*
0216996999000 *%
04156309017000%
0616809C17000n
0815809017000
0065707107000
02657071070000
0465707107000n
066570710700 0%
0865707107000
01149876880001
03141564340C0%
0514891007000
0714707107000
0914453990000n
0163587735000
03633030170C0*
0563951C5700Cn
0763809017000

G
~
CC
-

ADDRs ORDER

Cgg*
70003%
21070459000U
37?13R?68300ﬁﬂ
0421649443000
C&21852640000o
0821972370000

0999999000 %
0270999999000
04709998990003¢
0670999999000 %
0870999999000 *
0119233445000
0319522495000z
0519760406000n
0719923880000u
0919996917000m
0168809C0170001
0568309017Q00%
0368309017000
0768809017Q00*
0017233445000
0217923880000 %
0417852640000
0617078459000%
08177604060000
0066809017000
0266309017000
0466899999000
0666309017000
0866803017000%
011592388C000u1
0315382683000m
0515923880000%
0715382683000%
0915923880000n
0164209017000
0364809017000
0564806017000
0764365017000
00135224392000%
0213382683000
0413972370000
0613760406000%
0813078459000%

OO G
O ~
~ =
Ny M
o w
DO
0 O D
OO
l..J ,_.-\
-J

pox

<

ADDR e ORDER

Nel &
Nol ]

@O~
C)O(jC)

- m
=
JO*’)(}C)

O [N @]
o o
-J NN
NN
Ut 0
W
OO

98768
b271891007
2471707107

ué71433990006f
Q871156434000
8120000000000m
032000C000000M
052000C0C00C00m
8720000000000
06200C8004000C0H
0169951057000n
3369802017000z
0565587785000nR
0769309017000n0
0018156434000%
02187C7107000*

0618891007000
0418987688000+
081845399000

Q067891007000%
UebT1l56434000%
046770710700CH
0667587688000x
0867453690000x
0116809017000m
0316809017000
0516309017000%
0716999999000
0916309017000
0165000000000
0365999999000
0565000000000m
0765989995000R
0014453290000 *
0214707107000%
C4148G1007000m
0614156434000n
0814987688QC0
0063453890000
C263987688000m
0463707107 000%
0663156434000
0863891007Q00n

Pl

YO %

<



TABLE 21

ADDRe.  ORDER

0913852640000%
0162809017000%
03622090170000
0562309017000n
0762809017000
0011645448000%
0211382683C00m
0411078459000%
0611233445000%
0811522499000m
00600000000000
0260000000000%
0460000000000
0660C0000C000%
086000000000CT
0109522469000x
0309233443000%
0505078455000%
0709382683000n
0909649448000
0158809017000%
0358309017000n
$55830901700Cx
0758809017000%
0007852640000%
0207923880000n
0407233445000%
0607645448000%
08079969170001
0056587785000n
0256951057000%
0456000003000
06569510570000
0856587785000%
0105382683000%
0305923880000x
0505382683000n
0705923880000%
0905382683000
0154309017000
0354809017000%
0554809017000%
07543090170001
0003972370000%
0203382683000m1

CONT

132

INUED

ADDR ORDER

Q0012587785000
0212000000000
0412587785000n
0612951057000%
0812951057000
0C61156434000%
0261453950000
C461707107000Q%
06618910070001
0861987688000
0110707107000m
03107071C7C00%
¢5107071C7000Cn
C710707107000%
0G1070710700C
0159951057000%
0359809017000
0559587785000
07593C9C17000nm
J0088U90L7000%
0208962959000
0408809CG17000%
06C830901700C0n
0808309C17000m
C057453990000u
0257987688000
0457707107000m
0657156434000n
08578910C7000%
0106156434000%
0306987683000n
0506453590000
0706707107000 %*
0906891007000
015580000000 0M
0355999993000
0555000C00000%%
0755999999000
0004951057000%
0204000000000
0404951057000u
0604587785000n
0804587785000%
00538910C70001
0253156434000n

ADDR e ORDER

0062302017000%
02628090170000
0462999935000
066280%017000n
0862309017000
0111852640000n
0311972370000
0511966617000m
0711923880000%
0911760406000
01685995535 000%
0360999999C0Cn
0560999999000
07609G999%9000o
0009760406000%
02099233880000n1
0409996917000
06099723700001
0809852640000
0058309C1700CH
0258803017000
045869999%0000
0658809017000%
0858309017000
0107078459000u
03077604060001
05Q07972370000%
0707382683000&
09C7522495000m
0156309017C00%*
03568CG5C17000%
0556805017000
0756309017000x
0005923880CQ0%*
0205382683000n
0405923880000C
0605382683000
0805923880000
0054809017000m
0254309017000%
0454999999000
0654309017000%
0854809017000
0103760406000%
0303078459000

ADDR ORDER

0112951057000
0312951057000%
0512587785000
0712000000000%
0912587785000%
0161951057000%
0361809017000m
0561567765000%
07613090170008
0010707107C00%
02107071070008
0410707107000%
£610707107000m
0810707107000%
0055156434000m
0259453990000%
0459707107000
0659891007000
0859987668000m
0108309017000m
0308309017000m
0508809017000%
0708999999000m
0908809017000%
0157587765000%
0357309017000%
0557951057000m
0757809017090%
0006891007000%
0206707107000m
0406453990000m
0606587686000
0806156434000m
0C557071070000
©255707107000%
0455707107000%
0655707107000m
0855707107000x
0104587785000%
0304587785000x
0504951057000m
0704000000000m
0904951057000%
0153587765000x
0353309017000%



TABLE 21

ADDR ORDER

040352249500Cn
0603996917000x
0803649448200m
005295105706000
0252587785000m
0452000000000
0652587785000%
0852951C57000%
0101972370000%
0301852640000
0501649448000
0701382683000%
N901078459000%

133

CONTINUED

ADDR ORDER

Q4853707107000
0653987688000%
0853453990000%
01028910C07000%*
0302453990000%
0502156434000
Q7027071070000
0902987638000n
0151951057000m
035160901700Cu
0551587785000
07513C9C1700C0n
0751309017000n

AGCDR s ORDER

05038525400{00Cx

0703923880000n
0903233445000x
0152809017000n
03523090170000
0552309017000
0752809017000%
0001996917000
0201923880000
0401760406000
0601522495000
0801233445000
0801233445000%

ADDR & ORDER

0553551057000%
0753809017000%
0002987688000%*
C20270710700Q%
0402156434000%
0602453590000k
0802891007000k
0051987688000
025189100700Cn
0451707107C00m
0651453990000n
0851156434000n
0851156434000n
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IX. APPENDIX C: L.S.IL M PROGRAM

A.FPorm of the L.S.II M Program

loe Modifications made to Le.S.IT

The modified least squares program (L.S.II M) provides
convenient facilities for programming structure factor
evaluations involving multiple term structure factors. The
Senko and Templeton L.S.II (12) program was designed to
handle only single (orthorhombic) term structure factors.

There are four important changes made to the L.S.II
program to produce the L.S.II M. A new loading routine is
used so that more space is available on the drum for program-
ming. The scale factor storage locations are expanded to
allow for a total of 10 scale factors by moving the orders
in 0678 and 0679. A small subroutine is inserted just be-
fore the make up of arguments section. This subroutine will
zero all of the work cells used as temporary storage for the
trigonometric term routines. The storage orders for these
temporary work cells have been changed to add and store
pairs which accumulate results of successive passes through
the trigonometric term routines. The orthorhombic terms
may be summed in the desired sequence by modifying the term
routine exits. This is sufficient for triclinic and mono-
clinic space groups. For space groups of greater symmetry,

a modification of the indices may be made and a new set of
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terms can be added to the previous results. This may be
repeated until the structure factor is obtained. The deriva-
tives of the structure factor are obtained automatically when

this procedure is used,

2. Programming information

The trigonometric part of the structure factor should

be expressed in the form

M

m
g Ty g(2m tyyx) T (2m £{47) T4i(2m ti4y)

1 j=1

e
1l

where the T are either sine or cosine functions, and the

13
t;4 are funciions of h, k¥, L. The product of Tij Tij Tié
must be one of the available orthorhombic terms. The summa~-
tion over J is carried out by linking orthorhombic type sub-
routines and the summation over 1 1s carried out by modifying
the t's and repeating the summation over j.

If n =1, no argument modification is required and a
simple modification of the term exits 1s all that is required;
The eight term routines ére divided into two types, derending
on whether the term is stored as the A or B part of the struc-
ture factor. The terms and related information are given in
Table 22. For example, if the desired structure factor is
cos 2nhx cos 2nky cos 2nlz - sin 2nhx sin 2nky sin 2n{z, the
"A code" on the detail card may be 1408. The exit of the 1408

routine at 1462 1s modified to give 21 170L 1558 so that the
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Table 22. Orthorhombic structure factor terms

sine cosine cosine B 1528 1483 21 1729 0796
cosine sine cosine B 1428 1545 21 1729 0796
cosine cosine  sine B 1,78 1563 21 1729 0796
-sine sine sine B 1578 1971 21 1729 0796
cosine cosine cosine A 1408 1462 21 1704 1999
-cosine  sine sine A 1458 1976 21 1704 1999
-sine cosine sine A 1508 1985 21 1704 1999
-sine sine cosine A 1558 199L 21 170h 1999

1558 routine is forced to follew. It should be noted that
A code type terms cannot be coupled with B code type terms
in this way as different work cells are used.

If & summation over i is required, the procedure is a
little more complicated. The summation over j for each i is
accomp lished in the same manner as above. More than one such
pass through the term routines is required in order to sum
over 1. Each pass must be followed by an argument (t)
modification routine which either prepasres the new arguments

or restores the orlginal conditions and exits to the
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remainder of the program at 1610. If a new pass through the
term routines is required the argument modification routine
must exit to 1433 which is the meke up of arguments routine.
The argument modification routine mmst be written anew for
each new form of the structure factor summation. The first
order of the argument modification routine is usually at
1999. The last desired term exit must refer to the start

of the appropriate make up of arguments address. The first
pass through the term routines is made with the normal indi-

ces stored in the following fashion:

0303 has h (t)
0353 has k (t?) with decimal point at O,
0L03 has £ (&)

1459 and 1h8L have h (t)
1509 and 1534 have k (t') with decimal point at 2.
1559 and 158l have ¢ (')

The argument modification routine operates on these cells to
form the new t, t' and t". After the last pass through the
term routines these cells and the argument modification rou-
tine must be restored to their original condition. There is
a2 short section of the original program which may be used in
the argument modification routine. This section will
generate the contents of 1459, 1L48l, 1509, 1534, 1559 and
158l from the contents of 0303, 0353 and O403. This routine
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is entered at 14409 with £ (t") in 8003 after locations 0303,
0353 and OLO03 have been modified. The normal exit is at
1451 with 2l 1459 189L. Since this routine is not needed
while the sum over i is carried out, the exit may be modified
to 2l 1459 XXXX, where XXXX refers to the appropriate argu~
ment modification address, when the argument modification
routine is first entered. This must be reset before final
exit to 1610. Locations 1901 to 1926 and 1937 to 19L2 can
be used for the modification routine. There are other spaces
including part of the atomic band which are available if re-
guired. Unless modification is made the program computes the
normal orthorhombic structure factor.
The modification cards are loaded with the normal modi-

fication cards before the "to S.F." card. The form is

00 000X YYYY word 1 word 2 ... word 7, where X is the
number of words to be loaded from the card and YYYY is the
address of word 1. The other words are stored sequentially.
An exception is 1999, which 1s loaded with

00 0000 1952 69 1953 1954 word 1 24 1999 1996 .

B. Operating Instructions

le Assembly of input deck

The deck is loaded in the followlng sequence:
IS-IIM2 deck,

modification cards,
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1imit card,

scale factor cards,

standard deviations card,

welghting factor card,

parameter cards,

temperature factor cards,

TO SF card,

CYCIE ZERO cards (5 cards),

a set of detail cards for each layer in the order

KTn card,
reflection cards for nth layer,
NX card,

The last NK card is replaced by an IK card.

2. Console operation

a. Swltch settings The console switches are set as

follows:

storage entry 70 0001 0003,
programmed not significant,

half ecycle run,

address selection not significant,
control run,

digplay program register,
overflow stop,

error stope.

b. Start program To start the program depress com-

puter reset, program start and start the read feed and the

punch feed.

3. Subsequent cycles

With all parameters varying reload input deck beginning
with item 10 and start the read feed and the punch feed; do
not touch console.

With some parameters held constant or with modification
changes place TO LR card in front of the scale factor cards,

parameter cards, or temperature cards containing the
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parameters to be held constant, modification cards and the
input deck beginning with item 9. Place this deck in the
road feed. Stert the read feed and the punch feed but do

not touch console,

L. Desecription of input cards

The NK cards have the form
00 0000 0000 61 0832 0692 12 3456 7890 61 0882 0601
00 0000 1394 01 2345 6789 01 2345 6789 00 0000 0000 .
The IX card has the form
00 0000 0000 61 0832 0692 71 1910 1216 61 0882 0601
69 1107 1956 2l 1954 1957 60 0432 1191 00 0000 0000 .
The KT'"n" card has the form
00 0000 0000 60 1633 1953 19 067X 1954 35 0002 1955
21 1632 1394 00 0000 0000 00 0000 000G 00 0000 0000 .
The set sums to zero (5 cards) are loaded in the follow-
ing order:
00 0000 0000 2l 0332 1953 24 0382 1954 24 o432 1955
2ly o8z 1956 2l 0532 1957 2l 0582 1958 2l 0632 139h |,
00 0000 0000 2 0682 1953 2L 0932 1954 2l 0832 1955
2l 1768 1956 2L 1793 1957 2L 1769 1958 2L 1794 1394 ,
00 0000 0000 2l 1770 1953 2k 1795 1954 2L 1771 1955
2k 1796 1956 2L 1772 0649 69 1958 06L2 21 1876 1715
00 0000 0000 69 1951 1953 2L 1728 1954 2L 1729 1955
2Ly 1726 1956 2l 1727 1394 00 0000 0000 00 0000 0000 |,
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00 0000 0000 69 1953 1954 19 0632 1105 2L 1109 1955
69 1956 1957 35 0002 1116 2l 1105 139L 00 0000 0000 .
The TO S.F. card has the form
00 0000 1394 ... .
The TO L.R. card has the form
00 0000 0000 00 0000 1996 oeee o
The do not punch structure factors card has the form
00 0001 O57L 00 0000 1895 ...
The punch structure factor card has the form
00 0001 0574 71 1927 1895 ... .
The constant weighting factor cards are
00 0001 0354 60 1928 1683 ... |,
00 0001 1378 00 0000 8000 ... .
The above cards do not vary from one calculation to
another and may be punched up once and filed with the program
deck. The cards described below contain the required informa-
tion for each structure.
The 1limit card is 00 0001 1860 20 XXX 0000 ... ,
where XXXX = 0250 + 50 n, (n<16). n is the number of inde-
pendent atoms.
The scale factor cards have the form
00 0001 067Y Ky(8) ees o, Where Y is the layer number
(05 Y 209).

The standard deviations card is 00 0001 0900
hag(uuv) (L) eee , where u i1s the number of independent

F values and v 1s the number of parameters being varied.
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The parameter cards have the form
00 0003 bbbb X, (10) Y, (10) z, (10) ... , where
bbbb = 0255 + 50 n, (1 n 16).
The temperature factor cards have the form
00 0002 ccce Bn/ka {5) 19 195X d4ddd ... , where cccc =
0280 + 50 n, X is the field containing the scattering fac-
tors for atom n, dddd is the code controlling the multiplica-
tion of the scattering factor by a constant. These factors
are listed in Teble 23. Other factors may be substituted

for these by loading them into the appropriate locations.

Table 23. Multiplicative factors

dddd Pactor Iocation
ohh2 1 -

0317 1/2 0325 (10)
0318 1/l 0326 (10)
0319 1/8 0327 (10)

The reflection cards (detail cards) have the form
hh kk 2 abed I (7):F (2) sin@ (10):e £, (6):A £, (6)
f3 (6) fh (6) :B f5 (6) . a, b, and ¢ give the signs of

h, k, and R with 8 for plus and 9 for minus. 4 is 8 for an
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observed reflection and 9 for unobserved reflections. e is 8
it ¥y zlupmin and is 9 otherwise. A and B are the structure
factor term routlne codes as shown in Tsble 22. The fi are

scattering factors.

5. Description of output cards

Where apprlicable, all output cards are of the correct
format for use as input cards for subsequent cycles if it is

necessary to relocad the program.

a. ILayer output Structure factor cards have the form

OhQke ¢ 2328 KjFO(5) (5)

A,-8,(5) B_(5) B_-B,(5) .-

: sin®e(ly) F_(5) F_F_(5) A4,

Scale factor cards have the form

00 0001 067y K&(S) éiKy(B) R3 for layer (10) .

b. Finish output The relisbility factor card is
R, (10) R2(10) R3 2ll data(10) Ry last layer (o) .

Atomic cards in sets of three are then punched in the
following order:
Temperature factor card

Bn € Bn
00 0002 cecce 52 (5) 19 195x dddd =3z (5) ,

Parameter card

00 0003 bbbd x (10) 7,(10) 2z, (10) ¢ x (10)

X
n
e-yn(lo) ézn(lo) , and the
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Atomic stbandard deviations card

0 0 0 0 Ofxn T, O'Zn .
Rl’ R2 and R3 are defined by
2
ZF)-IF\ ([Fy=-1F_\)
R, = g”c , 32=§{°‘ ]20\ , end
- 2 ¥ élFO]

L _EWUR| -7
>z wlFl?

6. Plug boerd

The plug board for the I.B.M. 650 is the same as that
used for the L.S.II program which is 8 words straight in and
8 words straight out. A Y=punch in column 1 is used to

identify load cards.

7. Program deck

The program cards are listed in Table 2L, and must be
kept in the order shown. Each line contains the contents of

one card.



TABLE 24 PROGRAM CARD LISTING FOR LeSe 2 M (EACH ROW CONTAINS THE CONTENTS OF
ONE CARD WITH SYMBOLS # AND o REPRESENTING X/0 AND Y/0)

COoL. 10 20 30 40 50 60 70 80

00000100001600018008690005000D240000000F701851185A6500078008211999000B0000000001
G01801180A691852185A691854185C6931856185€£631858185G701895189E691856185H2418991851
F91852180B241895180C691853180D241896180E691854180F241897180G691855180H2418981856G
B41996189F701997199G2419971896601951196B241962189H300004197C2419731891441978800A
B41978189F30000219901241990189G691981196E241981189H240000196A2419651891221981197a
B41970189F300004198F241986189G1519921950241992189H691952800B2419501891221987196F
B41966189F601992196H241968189G151981800C241961189H10196419612419641891000001000
B41969189F158001197G241977189G201981198D241984189H111987199A2419911891441995199F
B41995199F108001800C00000000030000000002300000000030000000001000000000000000000R
0000070000000009990300900999001600999002200999000280099901210340099901041009990n
000007000G047009990130530099800060009980u066009980107200997010780099701n1085009960n0
000007001P0910099603097009950n1103009940311000994012116009930211220099201128009910n
000007002A1250099101214100990021470098900153009880115900987011660098608172009850n
000007002H1780098401184009820019000981019700980012030097900820900978012150097600
0000070G03E22100975002270097400233009720024000971002460096900252009680u258009660n
000007004B264009640027000963002760096101228200959012288009580029400956003000095400
0000070041306009520a3120095000318009480132400%46012330009440033600942012342009400n
000007005F348009380m3530093503590093300365009310037100928003770092600383009240n
000007006C38800921012394009190u40000916014060091402411009110141700909004230090600
000007007842900903011434009000244000898014450089500451008920u457008890n4620088600
0000070076G468008830u4730088000479008770048400874004300087102495008680u501008650n
000007008D506008620u1511008590517008560125220085203528008490u5330084605380084200
Q00007009A543008390m549008360n554008320055900829005640082500569008220u575008180n
000007009H5800081408585008110590008070u595008030m600008000u6050079601610007520n
000007010E615007880m6200078406250078000630007770063500773006390076900644007640n
000007011B6490076001654007560065900752006630074801668007440u6730074000677007350u
0000070111682007310068700727011691007220069600718037000071400270500709087090070500
000007012F7140070007180069600172200691007270068700731006820073500677007400067300
000007013C74400668007480066301375200659007560065400760006490027640064400769006390n
0000070140773006350n7770063003780006250u78400620007880061500792006100u796006050n
000007014G800006600080300595018070059001811005850181400580028180057501822005690n

ahT



TABLE 24 CONTINUED
COLo 10 20 30 40 50 60 70 80

000007015D082500564018290055900832005540u0836005490839005430284200538038460053300
000007016A84900528008520052200856005170118590051100862005060186500501008680049500
000007016HB710049000874004840u8770047900n88000473028830046800886004562008890045700
000007017E8920045108950044500n898004400890000434039030042900906004230u5909004170a
000007018B9110041109140040609160040001919003940921003880392400383012926003770n
000007018192800371009310036500933003590u9350035300938003480094000342009470033600
000007019F94400330009460032400948003180019500031200952003060095400300019560029400
000007020C9580028801959002820196100276009630027000964002640296600258009680025200
0000070219690024609710024000972002330097400227003975002210097600215039780020900
00000702169790020309800019702981001900u98200184019840017801985001720986001660n
000007022D09870015900988001530098900147029900014101991001350991001280u9920012200
000007023A993001160199400110003994001030m9950009708996000910a996000850099700078012
000007023H99700072009980006609980006000998000530399900047009990004100999000340m
000007024£99900028099900022019990001608999€¢00050m@99900003009990000000951610000x
000007025B861109048D779108187C705007408B637906703B577206065C522305488A472504965H
0000070251427604493C386904065G350103678H316803328G2866030111259302725C234702466N
000007026F212302231C1922020191173801826H157301653n142301495G128801353D116601224F
000007027C1054011080n0395401002F086400907B078100820H070600742G064000672A057900608A
000007028a052300550B0474004971042900450E038800407F035100368H0317003336028800302n
000007028G026000273B0235002478021300223G019200202D017500183B015700165G014300150n
000007029D012900135G011700122H010600111A009500100E£008700091a007800082C007100074E
000004030A006400067D100332035B000000000C601559156F0087C000910007800082C007100074E
0000070316608003032B608003032C608003032D201927163A000000195B19032504481903260448
00UGU6032D190327044B5000000003250000C0001250000000668002163H191582141C1903260448B
000007034A191654142A210303135G072000000%241550144E2415501520241550140C241550145C
000007034H2103531361600523042G600403150G6658002176u2103320350000000000K691953081H
0000070366608003037B608003037C608003037D350002147G608003178G190425044B190426044B
000006037D190427044B062500000103125000000156250000668002163G191582148H1904260448
000007039A191604147A2105170520460396039G211770175B8211603160G691699185C691650185C
0000G7039H2117710391601603164H000017676D108001042E691927074H000000000D600517047E
000007041G101770039D101771039H101772179H191380154F101726039B191767161G6241576142n
000006042D021192803082103820341191632042D0198001138C690382044D191532141C241576142n



TABLE 24 CONTINUED
COL.» 10 20 30 40 50 60 70 80

000007044A191654152A21044714000000000000350002040A0400000003210400040D000091588n
000007044H2418511710678003206112004320491108001047F000012256E350004037A1019280408
000007046G690420042C191379144F121380149F191379159F241576142n241576149E241576149E
000006047D6904771398198001138A210482049H300002057B8690482049C191532148H241576149E
000007049A191604157A100445800C350002045A618002045D0000099246E200452061G150400047D
000007049H600523169D601930138E1919301386G210632059E110517052160161205702116120511
000007051G0000000002698003052D1980010571600523139C1234567892191928071G0000000000
000006052D2313781380191378057E1980010576211932054H211933050821193405580000000000
000007054A60045135B19049505916013780540191928059G6080020500210532050L£1105230526
000007054H600452052B210582054C240523055A211772171E601378050024051706216080020561
000007056G350005042F691928138F210573052F190573057H100682059C16062506710006982801
000006057D711927189E201680054A241936057D100532054F100632050A1005820541000698280n
000007059A690551059B241798171E210682059A690443055(651953056H2319280738B3000062055D
000007059H641929049F201755179G000001067A1005820608240882060C640782069F000001000n
000007061G608002052E190573057A150432045240523057F6519570711690825067TH601928074A
0000060620000000000R200000100000000000020000000000230795800A690641064D601328074A
000007064A211772162E241861064E600749090D241798139D690646064G461868064H241865171€E
000007064H690650065A240882195G2118761871241861065B690653070A461868182n3500040866
000007066G350004137G690718072A1000000000036479845H0125755511023741905C007394878n
000006067D006718064B8000000000000000000000000000124137806914608910748007294878n
000007069A240694195C100532069C240832069E000000000210782074C201930069G711910195E
000007069H711910120C601%528168C190340084C241865182u690718077A310004077E210870087C
000007071G350004052H000001163C698003062H21000000002306000770201928070B610682079C
000006072D211928074E210770082C00000000032107491190190746077B8151633082B8610682079C
0000020738201888059000000000020000000002107491192190746077B81516330828610682C79C
000007074A1107940841158001085256609320798608002075C650749085D700000000%#350002080D
000007074H910802085C210670072D350004076G300004076H2004471400191632075A2409320751
000007076G640782074D608002072H6080020771000000005C2419270898B2119290791241927118n
000006077D241927064C608002128F0000000000000000000690443079G191633070C241927118n
000007079A190340074G150632075D198001080C00CN100000000000006519540711241851087A
000007079H310008091G1016320741000000000200000000022119300441350002081G210720072C
000007081G100720072E910622062C201930049H777777777G20137806951201633072B440829084A

LRt
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30000000008 000000060B00000000THITIY000TEDQ00000000BG2TRSTTIO9IR00000000005TTL00000
o0000000003TTTE000GEDTETR0006EIBTIHELTIHZOGTTIZ02TS98TITITOL60TZATITED00GEDYTTLO0O000
G0Z2T10260128LT128€0%9901T8YTI##QG6TOTE6TILYVOTIGHRTIHYR0000000001Z€T0T6TTLORTTL00000
90ZT10.L801Z8000000000Q0TTZTE06TI2TTIOLLOH9R0000000008CT1T0260099GTTI0Z0T6IDETITLO00000
27TT0L0T6TIDOeTT0L0T4298Z1ERBZT69QCTTI2860H#9HOZTTIEHTOZ99TTTO00Q6TALTTITILTITIEZHZTILO0000D
4eITT1000TEVOCTI626T0OCIOTIZCE90I992TT020T4#2I2TITIT000TENO00LTO000OETTHO00TEITITLO0000
dZ2TTTLTT6902T10L80T232TTQL800T39TTIQLB00TD8TITIOL80TE302T0L80TZDOTITI02606T18TTTIL00000
88116261%2R00000000030TTIZTIE06TQETITIRZOTIHZIOZTOTOTITILRARTIVESTHZATTITITO006€30TTL00000
OTTTIZOC0GENOOOO00000HYTTBGTTIOT 44 TIAGTITIOTOETITIZES00ST000000000T000000000H60TL00000
u000040000u000000000820000000002000000000800000000080000000008000000000V60TL00000
ne000000002000000000200000000030000000008000000000800000000080000000000L0T900000
ngoo000000n000000000800000000020000T00000200000000080000000008000000000990T1200000
2000006000080000Q00003000000000B000000000B000000000B000000000800C000000HY0TL00000
20000000008000000000B00000000CR000000000B00000000080000000008000000000V%0TL00000
n000000000u000006000000000000002000000000800000000080000000002000000000020T1900000
20000000008000000000R00000000000200000008000000000B00000000080000000009T0TL00000
2000000000830000000008000000000200000000080000000G0R0000000008000000000H660L00000
a0000600000300000000080000000003000000000800000000080000000008000000000V660L00000
2008868T090008L681090%619¢61120008268TITIVIBIBOE069HUBISO0E06910020000008860T00000
800380000002 000000000200000000020000000002000000000800000000080000000004L60900000
ag000ec0o000R20000000008200000000080060000008000000000800000000080000000009960L00000
n000000000B000000000B3000000000000000000080000000008000000000T000000000HY60L00000
10000000001200000000020000000003000000000200000000080000000008000000000Y#60L00000
a0000000008200000000080000000060H0000000002200000000082000000000E0000000000260900000
10000000001 00000000020000C0000H00900000000000000508000000000192400LL0%99T160L00000
92L0%09061x000000000B00000000083000000000800000000%8200000000082000000000H680L00000
8000000000500000000000000000008000000000B800000000080TTOT6TTILA6H0626T42V680L00000
g8480289019200000000003000000000300000000080000000008000000000E0000000000L80900000
g480Z890T9R000000000DELTIL8T#ZBO00000000B00000000080806261TIH6L00L800TID980L00000
HS90#0000£118089809%0280699069000000000006%0626102968024909%0000000000H#80GL00000
B00006000010000000001000000000000000000000L0%0005€A5902TE06TIDLL0028069VH#80L00000
V980628049 %B0L0Z2€9009100000000000000000080G000000080%0000000V2808261%90280900000
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TABLE 24 CONTINUED
COLe 10 20 30 40 50 60 70 g0

000007116A201927116B600482114E64077012711100870116CH40770127TA242120117F100870117E
000007116H241930121860097C120F0000009000000010430201928118A2419311218241927119n
000007117E441221122B83500031131191120119D020193312100000000000210770124B6005821186
000007118B6512081111611020117G690820117C201928120B690443110F640532118H201929195C
0000071181241936195D690443119F640332116A0000000000350000131F3560603116D441250115E
000007119F241930119G241931119H2419321191241933115020000000000150330118E2003301141
000007120C6003371148600339114D610316112B190313116F610315113A1503051201200305110H
0000071210150307121A200307116H600338119E600314127F150306121E200306121A6003121216
000007121G640340112A0000000002000000000231000112763600001180451223118D300001122D
000007122D200770122E651226122G0000090001691176122H22117612216911521230221152123A
000007123A691147123B221147123C6911941230221194123E691193123F2211931236691151124n
000007123H601241129F20192907212211511161150330118E£350008124C658002124D30000461226
000007124E00000000010000000000000000000w00000000030000000000231170121C000050000n
000007125B00000000000000000003241275129D0461258125121127512510000000006912611260
0000071251601293800C000000000346128812930000000001300000000012241285123H111268127C
000007126F000000000200000000023050000000365800312312300001117TH300001112H1512751271
000007127C111201125E111278128E000050000136411701220201932121D2012170002101282800C
000007128691284129B241285128a050000000B000003040E210670072D461288121F1907461261
000007128G2312831281101291129E241927118F691251125D151217999H240749139D31512011278
000007129D691299128A608003800C111201125F0000000000601860126E461288121F3000031301
000007130A0000000002000000000200000000003300003115A191314130D000000000a300003119C
000007130H00000000022013141316651314134600000000013640970132H640770132H000017500u
000007131E640920133F640770133F600970132E00000000023500071348241928132A2419291328
0000071328241930132D02419331341241934132F451330133E711910129H451305131n6913321398
0000071321600582133G19131413060000000000698002132C69133813986513141311651314134H
000007133F691339139B640900130n0698002134D698002134E590443134F600920132G641170133C
000007134C0000000000241932134A241931133D24192713203500071318350007131E£0000000000
000007135300002057800000000503191928066G201359138H191359139G300001136A101359136C
000007135G678002137C210523177F0000179451678002137816800213611680011370168002137A
000007136D6680020320690468047A690469047B690470047C2415750350198001135F461382139n
000007137A648001136B961637037H951638032H0000000000300004059H641929164a2119310546
000007137H00000080019370007202072000000%300006049G1580011381350004064F6080010548

61T



TABLE 240 CONTINUED
COLs 10 20 30 40 50 60 70 80

000007138E198001047H300006059F300002054E6513912139E158001139H15800113585000000001
0000071398451396800A101701135H701951173C1080011350241350135C658003135F101351135€E
0000071391601378054B6003031406000000000000000000001291561143H611459141D611509141E
000007140F611559141F191761143E601561136E608003037r350002147E0000000000000¢0000n
000007141C6080021423691417164F691418034F691419034G19165414466191654144H1916041441
000007142011915751571232117261521211727148n211728148A211729079F000000000000000000n
000007142G0000000001601582143G611484159A61153241481611584144A00000000000000000000
000007143D691663152£69153816980000000003690341034D0608002144E691442167TA691443162A
000007144A6914441623191380147C191379152B8191380152D191500159E211701140D211702140E
000007144H211703140F2117041611n600353145G241459189D191663155B191561146C601459146D
000007145E611509146E611559146F191762148E611561136F00C0000301100000000030000000000
0000071468B000000000060800215211691467164G691468034G691469034F191604149G191380149H
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X. APPENDIX D: STRUCTURE FACTORS

The observed and calculated structure factor amplitudes
for the erbium, yttrium and praseodymium ethylsulfates are
given in Tables 25, 26 and 27 respectively of this appendix.
An L 1s inserted in the value of FO for unobserved reflec-
tions to indicate that the value given is that for Fmin'

If F_ is left blank, the reflection intensity was not meas-

o
ured.
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TABLE 25 STRUCTURE FACTORS FOR ERBIUM ETHYLSULFATE
NONAHYDRATE (L IMPLIES £ AND K = 1.2)

H KF. KF H XKF, KF H KF. KF H KF
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5 77 76- 12 85 100 1 311 293- 10 L48 21—~ 5 87 105
& 135 133~ 13 L4d 30~ 2 L29 3 11 66 74 & 52 41=-
7 368 358 14 63 78- 3 183 178 12 L32 12~ 7 48 28~
8 46 38- 15 8& 110 4 85 8&=- 13 L34 23~ 8 75 77
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